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Abstract 

We review recent results in electron-positron annihilation above a 

center-of-mass energy of 2 GeV with particular emphasis on the production 

and properties of new particles. Topics include the total e+e- cross section, 

the properties of jet-like structure in high energy multi-particle events, 

the properties of the + family of charmonium states, the production and pro- 

perties of the charmed D mesons, and evidence for and the properties of the 

T, a new charged lepton. 
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1. INTRODUCTION 

New results and important discoveries in electron-positron annihilation 

-haveTeen appearing with astonishing rapidity. This paper reviews the results 

and discoveries of the past two years, and it brings up to date our earlier 

review cl.11 of this subject, called ref.[I]. Again, as in that review, we 

restrict our discussion to total energies above 2 GeV. This is a review 

from the experimental viewpoint; the required theoretical background is pro- 

vided as the paper progresses and a general review of the theory has been 

given in I and in a review [1,2] by Schwitters and Strauch called ref, [II]. 

Another general review by Wiik and Wolf El-31 is called ref.[III]. 

In this article we do not review purely quantum electrodynamic pro- 

cesses [11,1.4] or particle production through two-virtual-photon processes [1.5]. 

The next two sections present new results on the production of hadrons thru one- 

photon exchange: section 2 discusses the total hadronic' cross section and 

section 3 describes the jet structure in hadron production. 

Sections 4 thru 6 review the new particles produced in e+e- annihilation. 

The extensive q/J family of particles is discussed in section 4. The discovery 

and properties of the charmed D mesons is described in section 5. Section 

6 reviews anomalous lepton production in e+e- annihilation and its sources. 

There is now very good evidence that one source is a new charged lepton with 

a mass of 1.9 GeV/c2 formerly called the U particle, and now called the -c. Pro- 

perties of the T are reviewed in section 6. Another source is the semi-leptonic 

decays of the charmed mesons such as the D's, also discussed in section 6. 

This paper concludes with a discussion of the physics which may be studied 

-l-- 
at the e e colliding beams facilities now under construction: PEP and PETRA. 

Descriptions of e+e- colliding beam facilities and their basic parameters 

are given in I, II, and III. We remind the reader that in these facilities the e+ 

and e- beams have equal energies Ebeam. Their momenta are equal in magnitude 
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and opposite in direction. Hence the total momentum is zero and the total 

energy is 

* 

We also use 

E cm = 2Ebeam 

.s = E2 
cm 

(1.1) 

- (1.2) 



t 
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2. THE TOTAL HADRONIC CROSS SECTION IN e+e- ANNIHILATION 
-c, 

2.1. The Total Hadronic Cross Section and the Quark Model 

Figure 2.1 shows somewhat schematically the total cross section, 

ahad, for hadron production 

e+ + e- -+ hadrons (2.1) 

+- in e e annihilation. Purely quantum electrodynamics reactions such as 

e+ + e- -+ e + e- + 

+ + e + e- -+ U + P- (2.2) 

+ + e+ + e- + e + e- + 1-I + p- 

are excluded. The experimenter also attempts to exclude, or correct for, 

the two-virtual-photon processes [1.5] 

e+ + e- + e+ + e- + hadrons ; (2.3) 

SO that the data can be compared with the theory of the dominant one-virtual- 

photon process of fig. 2.2a. However for the present, otot does include 

the production and decay of a charged heavy lepton for which we now have 

evidence, section 6. 

There are two simple ways at present to understand the photon-hadron 

vertex in fig. 2.2a. If the energy is such that the final hadronic state 

is dominated by a vector meson such as the P, (p, $/J, or $', then the vector 

meson dominance model can be used, fig. 2.2d. Discussion of this model and 

references are given in refs. [I,II,III]. 

In this section we concentrate on the model in fig. 2.2~; the quark model 

for production of hadrons away from a resonance. We call this the continuum 

region. In this model we decompose the photon-hadron vertex, fig. 2.2a, into 

the two step process shown in fig. 2.2~. First the virtual photon materializes 
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into a quark-antiquark pair, q<. Then the qy pairs annihilates into hadrons. 

If we,assume 

a. the quarks are Dirac point particles with charge +Qe (e being the electron 

charge), 

b. the production of the qq pair is independent of their annihilation into 

hadrons; 

then we can calculate the total cross section for this process. The qq pair 

production process is given by quantum electrodynamics; and assuming quarks 

cannot be free [2-l], the.probability of the qi pair annihilating into 

hadrons is 1. Indeed neglecting the quark mass we obtain the formula 

(2.4) 

Furthermore if there are N different kinds of quarks, each with charge Q,e 

and mass m n' there are N processes of the type in fig. 2.2~. Then 

2N 2 
4~ CQ 

ahad(Ecm) = 
n=l n 

3E2 
; (2.4a) 

cm 
for 

E >> 2m n=1,2...N cm n' 

Here >> means at least 0.5 GeV or so greater. 

(2.4b) 

The production of qi pairs involves the same diagram as the production 

of a ~+1-l- pair (fig. 2.2b) 

+ e+ + e- -t u + P- ; (2.5) 

The total I-l-pair production cross section is [I] 

(2.6) 

This is such a simple and powerful analogy that it has been conventional in 
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e+e- annihilation physics to define 

R(Ecm) = ‘had (Ecm) /u + _ (Ecm) 1-I !J 

Then this theory predicts for the continumm 

R (Ecm) =$Q2 ; all m 
n=l n n << Ecm/2 

(2.7) 

(2.8) 

Figure 2.3 shows the experimental values of R. Ignoring the resonances and 

peaks, we see that R varies between 1 and 6. Most of the Ecmz 2 GeV data 

comes from the SLAC-LBL Magnetic Detector Collaboration [2.2]. Their de- 

tector is shown in fig. 2.4. TO test how well eq. (2.8) explains the data 

in fig. 2.3 we use the conventional fractionally charged quark model [2.3]. 

The charge and quantum numbers of these quarks are given in table 2.1, 

and a crude estimate 

table 5.3 Using the 

three-valued quantum 

yields 

of the effective mass of these quarks is given in 

tables, assuming that each quark has an additional 

number such as color [2.3] associated with it, eq. (2.8) 

R(E cm < 4.5 GeV) = 3 ($)' + ($),' + (i)' + (t)2 1 =3+ (2.9) 
Hence the quark model certainly gives an order of magnitude explanation of 

the E cm z 4.5 GeV behavior of R (fig. 2.3). The model also expains the in- 

crease in R in the E 4 GeV the charmed quark cm s 4 GeV region. Below Ecm% 

cannot participate in the process in fig. 2.3~; therefore we expect 

R(2 ; Ecm r,j < 3.5 GeV) = 3[($)2 + (?j)' + (+)'I = 2 (2.10) 

This is in good agreement with the data. 

But when we become more critical we see that there is a discrepancy 

in the E ' 4.5 GeV region. cm 'L Figure 2.3 gives an R of 5.0 to 5.5 in this region; 

eq. (2.9) gives 3.33! This discrepancy is reduced by the probable 
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existence of a new charged lepton, the T, with a mass of 1.9 GeV/c2 (see 

section 6). The T is produced through the reaction 

-c, + e+ + e- -+ T + T- (2.11) 

the process being the same as that in fig. 2.2b. Indeed once Ecm is some- 

what larger than 2mr, the production cross section is 

n 

4lTa’ 
a+-=- I- T 3E2 cm 

(2.12) 

the same as eq. (2.6). The dominant decay modes would be 

T- -f v ~ + e- + 3 
e 

‘c- -+ v T+?l-+3 
!J 

-c- -+ v ~ + hadrons (2.13) 

. Here vr is a neutrino associated with the 'c. If we accept the existence 

of this heavy lepton than experimentally all the decay modes of the ~+r- 

pair produced in eq. (2.11) are counted in uhad. Even the purely leptonic 

decay modes are counted in at present. Then eq. (2.11) contributes one 

unit of R at high Ecm and 

R(E cm 
g 4.5 GeV) = 3; + 1 = 4.33 (2.14) 
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2.2. "had in the 3.8 z E 
cm 

z 4.6 GeV Region 

The 3.8 to 4.6 GeV Ecm region has a rich structure in o 
CI had' The SLAC-LBL 

Magnetic Detector Collaboration data [2.4] in terms of R is shown in fig. 2.5. 

And recent R data from the PLUTO group at DORIS (J. Burmester et al., [2.5]) is 

shown in fig. 2.6. Figure 2.7 shows their ,detector. The two sets of data agree 

as to the main features of the energy dependence in R: 

a. There is a complex enhancement in the Ecm = 4.0 to 4.1 GeV region. This 

enhancement has a steep rise which begins at Q, 4.00 GeV and reaches a peak in the 

4.03 to 4.05 GeV region. The 4.1 GeV enhancement then has a broad shoulder or 

second peak extending out to %4.20 GeV. The SLAC-LBL data shows a peak in this 

shoulder region at 4.11 GeV while the PLUTO data is more rounded and the shoulder 

has a maximum at 'L 4.15 GeV. But these differences may be due to statistical 

fluctuations, and given the statistics, the overall 4.1 enhancement data is in . 

good agreement. 

b. There is a resonance-like structure at 4.4 GeV in both sets of data. The 

SLAC-LBL data [2.4] gives the following parameters for the resonance 

Mass 4414 ? 7 MeV 

r 33 $ 10MeV 

(2.15) 

As pointed out by Burrnester et al. [2.5] their average R values in the 

4. to 5. GeV region are lower than those of the SLAC-LBL group. The difference 

in the R values is due to systematic errors in one or both experiments, and 

these differences are now being studied by both groups. 

The obviously complicated 4.1 GeV enhancement may be caused by one or 

more phenomena: 

a. This region is the threshold for charmed D meson pair production, 

section 5. In particular D mesons production is enhanced in the 4.03 - 4.05 
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region. If charmed P mesons exist, they could also contribute to 

the structure. 
- 

i. As-a had passes thru the charmed quark threshold, about 3.8 GeV, there 

may be overshoots and oscillations in o had [=I. 

C. There may be one or more higher mass members of the +, $' family in this 

region, section 4, and these could lead to resonance peaks. 

d. Collective "molecular" states of charmed particles have also been pro- 

posed 12.71 and might contribute to the structure of the 4.1 GeV enhancement. 

Clearly a great deal of work has to be done to fully understand the 4.1 GeV 

enhancement. 

We know very little about the nature of the 4.4 GeV peak. It could be 

a higher mass member of the $J, $' family, section 4. It could be related 

to an enhancement in charmed particle production, although preliminary data 

is inconclusive as to the extent of charmed particle production enhancement 

in the 4.4 GeV region. As with the 4.1 GeV region there is a great deal of 

work to be done here. 
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3. JET STRUCTURE 

3.1. qntroduction 

One of the most beautiful and definitive predictions of the quark- 

parton constituent models of elementary particles is that a two-jet struc- 

ture should characterize high energy e+e- annihilations [3.1 - 3.41. These 

models postulate that the e+e- annihilate to form a virtual photon which 

produces a quark-antiquark pair, each of which fragments to hadrons, as 

shown in fig. 3.1. At sufficiently high energy, a two-jet structure arises 

due to the limited transverse momentum of the hadrons with respect to the 

quark-parton direction. In principle, the spin of the quark-parton can be 

determined from the angular distribution of the jets. 

A special problem in studying jets in high energy e+e- annihilations 

is that about half the cross section comes from charm particle and heavy 

lepton (7) production (see sections 5 and 6). Charm particle decays will 

tend to produce jets with slightly larger transverse momenta than jets 

from lighter quarks. Production of T pairs will automatically produce 

jet-like structures and will tend to contaminate our study of hadronic 

jets. Fortunately, about 70% of all T pairs result in only two charged 

particles. Since we shall restrict the study of jets to events with three 

or more observed prongs,7 decays will not appreciably affect the results. 

The following sections will discuss the jet formalism, sphericity 

distributions, possible alternate explanations, angular distributions, and 

inclusive momentum distributions [3.5]. 

3.2. Formalism 

The key to searching for jets lies in the definition of jet struc- 

ture. One can characterize jet structure as the tendency for the trans- 

verse momentum to be limited with respect to some axis. This definition 
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allows us to quantify the amount of jet-like behavior by a single param- 

eter:- the average transverse momentum to the jet axis. (A second pa- 

rameter will be needed to specify the angular distribution of the jet 

axis.) 

The procedure for finding jets is based on a suggestion by Bjorken 

and Brodsky [3.3]. In words, the procedure is 

(a) Find for each event the axis which minimizes the sum of the 

squares of transverse momenta to it. This axis will be de- 

fined as the reconstructed jet axis. 

(b) Construct a quantitative measure of the amount of jet-like 

structure by comparing the relative amount of transverse 

momenta to orthogonal axes. 

(c) Perform Monte Carlo simulations to evaluate the significance 

of the results. 

The jet axis is found mathematically for each event by constructing 

the tensor 

T = 
cd =( 

6 p2 * ' 
i CY$ i - P," P; > 

(3.1) 

where the summation is over all detected charged particles and CY and $ 

are Cartesian coordinates. This tensor is analogous to a moment of inertia 

tensor. 

The tensor is diagonalized to yield three eigenvectors and three 

eigenvalues, hl,h2, and h3. The eigenvalues are the sum of the squares 

of the transverse momenta to the eigenvector directions. The smallest 

eigenvalue, h 3' is the minimum sum of transverse momenta to any axis, and 

thus its associated eigenvector is the reconstructed jet axis. 
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To measure how jet-like an event is, we define the sphericity, S, 

3 h3 

s = hl+h2+X3 = 

3(Cp:Jmin 

2cp2 * 
(3.2) 

i- 

For each event the sphericity is between 0 and 1. 

Finally, to interpret the results, two types of Monte Carlo simula- 

tions were performed. In the first, the phase space model, events were 

simulated with the particles' momentum distributions given by invariant 

phase space. The mean multiplicity of produced particles and the ratio 

of charged to neutral particles were set in the Monte Carlo to match the 

observed mean charged multiplicity and average momentum. The second 

model, the jet model, differed only in that a matrix element squared, 

. - - (C p:J/2r2 
/Ml2 = e 

. 
(3.3) 

was inserted. The summation is taken over all of the produced particles,pl 

is the momentum transverse to the produced jet axis, and r is a free param- 

eter which can be adjusted to give a desired mean transverse momentum. 

In both models all particles were assumed to be pions. Calculations 

done with the addition of kaons, q's, and nucleons give substantially the 

same results. 

3.3. Sphericity Distributions 

The mean observed sphericity as a function of energy is shown in 

fig. 3.2. It is fairly constant between 3.0 and 4.8 GeV, but is signifi- 

cantly lower at 6.2 and 7.4 GeV. The expected mean observed sphericity 

based on the phase space model is given by the dashed line. It rises as 
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a function of energy in sharp contrast to the data. The rise predicted 

by this model is due to the increase in multiplicity with energy and will 

occur in any uncorrelated model. The solid curve shows the results of the 

jet model. The parameter r is fit to agree with the mean observed pI with 

respect to the jet axis. The mean p 
1' 

corrected for acceptance, was found 

to be in the range 325 to 360 MeV/c with no particular energy dependence. 

A plot of the observed pI with respect to the jet axis at 7.4 GeV is shown 

in fig. 3.3. The jet model reproduces the data well, while the phase space 

model predicts too many particles at high pI. 

Figure 3.4 shows observed sphericity distributions at three energies. 

At 3.0 GeV, the phase space and jet models are essentially identical and 

both describe the distribution well. However, at 6.2 and 7.4 GeV, only the 

jet model provides a reasonable description of the data. 

3.4. Alternate Explanations 

These distributions provide the basic evidence for jet-like structure 

+- 
in e e annihilations. They show that at high energy the data are not de- 

scribed well by invariant phase space but can be described by a model in 

which the transverse momentum is limited. We will now consider some 

alternative explanations for this behavior. 

The inclusive x distribution at 7.4 GeV does not agree with the pre- 

dictions of the phase space model. This can be seen in fig. 3.5 where the 

7.4 GeV inclusive momentum spectrum is plotted along with the Monte Carlo 

distributions. This disagreement is to be expected given the existence of 

jets, but a legitimate question can be asked: Is the existence of extra 

high momentum tracks sufficient to give jet-like sphericity distributions? 

The answer is no, as illustrated by fig. 3.6. Here the data at 7.4 GeV 

have been divided into two sets, one in which there is an observed particle 
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with x > 0.4, and one in which there is not. The latter set is in good 

agreement with the phase space momentum distribution, while the former 

set has an enriched sample of high momentum tracks and is thus closer to 

the (renormalized) phase space momentum distr.ibution. In both cases the 

phase space sphericity distributions fail to describe the data, while the 

jet model distributions are reasonably close. 

Another alternative explanation is that the jet structure is caused 

by the production of two meson resonances which decay. This process might 

dominate at present energies, but slowly die out at higher energies. We 

have not found any data to support this explanation. Figure 3.7 shows the 

distribution of observed jet masses, where the jet mass is defined by con- 

structing a plane perpendicular to the reconstructed jet axis and calculat- 

ing the invariant mass of the observed particles on either side of the plane. 

There are two discrete bins in fig. 3.7a, which correspond to the detection 

of zero and one charged particle. When two or more charged particles are 

detected in the jet, there is a smooth continuum of masses which is flat 

from threshold to about 750 MeV and then decreases. In fig. 3.7b and 3.7c, 

where two and three prong jets have been isolated, there is evidence for 

K:'s and p's but f and A mesons are not evident. In all there does not 

seem to be any evidence for copious resonance production. 

3.5. Angular Distributions 

Under the assumption of one photon exchange all angular distributions, 

where 

whether they be of inclusive hadrons or of 

do 
~~l+cycos 

2 2 
e+P cy 

oT - oL 
ct= 

OT + oL 
, 

the jet axis, must be of the form 

sin 8 cos 2 2@ (3.4) 

(3.5) 

/’ 

: 
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OT and o 
L are transverse and longitudinal cross sections, 0 is the polar 

angle &o the beam, P is the transverse beam polarization, and # is the 

azimuthal angle measured from the plane of the ring [3.6]. The only 

parameter in eq. -(3.4), cy, can be measured even if P is zero, so the trans- 

verse polarization gives no new theoretical information. However, since the 

SPEAR magnetic detector measures only a portion of the 0 region, but is almost 

unbiased in 4 , the polarization is extremely important experimentally. 

Figure 3.8 shows the observed azimuthal angle of the jet axis at 

7.4 GeV, where polarization has been observed, and at 6.2 GeV where polar- 

ization is absent due to a depolarizing resonance at that energy [3.7, 3.81. 

The data at 7.4 GeV show a clear azimuthal dependence from which an LY for 

the jet axis can be deduced with the aid of the jet model simulation, 

Oljet = 0.97 f 0.14 , (3.6) 

where the error reflects only the statistical uncertainty. This value is 

close to what one expects for jets originating from spin l/2 partons, 

o! = 1, and is completely incompatible with the prediction of spin 0 partons, 

cY= -1. 

The jet model also produces a good description of the inclusive 

hadron angular distribution [3.9]. Figure 3.9 shows cy versus x for in- 

clusive hadrons and the prediction of the jet model with a. 
Jet 

= 0.97 zt 0.14. 

The change from isotropic particle production at low x to muon-like distribu- 

tions at high x is reproduced. 

3.6 Inclusive Momentum Distributions 

In electroproduction of hadrons, it is customary to plot momentum 

spectra with respect to the direction of the virtual photon, which in 



- 17 - I 

quark-parton models is approximately the direction of the struck parton. 

Similar&y, in e+e- annihilation, the reconstructed jet axis approximates 

the direction of the original parton pair, and thus is the direction with 

respect to which momentum distributions should be plotted. 

Figures 3.10 and 3.11 show the inclusive momentum spectra and the 

inclusive momentum spectra parallel to the jet axis at four center-of- 

mass energies. These spectra are presented as x vs s do/dx and 

xil 
vs s drr/dx 

ii 
since the latter of these quantities is expected to scale 

in quark-parton models. Figure 3.11 shows that data at center-of- 

mass energies above 4.8 GeV appear to scale in s do/dxi 
11 for a11 xll - The 

3.0 GeV data cannot scale everywhere since the total cross section does 

not scale for these data, i.e., R is lower at 3.0 GeV than at 4.8 GeV and 

above. Nevertheless, for x 
II 

> 0.6, s da/dx 
II 

appears to be the same for 

all four energies. For x 
II 

< 0.6, the slope of the 3.0 GeV data is similar 

to that of the higher energy data, but the magnitude of s do/dx 
II 

is smaller. 

To study pl and rapidity distributions, it is necessary to restrict 

the data sample to events with at least one particle with x > 0.5. If 

the entire data sample is used, the jet axis is often poorly defined and 

the corrections for using the wrong jet axis become enormous. Figure 3.12 

shows (l/o) . do/dpl vs pI where pl is the transverse momentum relative 

to the jet axis and the distributions are normalized to the cross section 

for events with x ' > 0.5. max The particle with the highest x is not plotted. 

The shape of the pI distribution is approximately the same at all energies. 

The area under the curve increases with energy because the multiplicity 

increases. 
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Figure 3.13 shows distributions in rapidity with respect to the jet 

axis normalized in the same way the p I distributions were. The rapidity 

is defined by 

Y’ +J?n E 
'( ) 

E + Pi[ 

- ‘Ii 
, (3.7) 

where E is the energy of the particle with a pion mass assumed and p 
II is 

the component of particle momentum parallel to the jet axis. The widths 

of the distributions increase logarithmically with energy and at 7.4 GeV 

the rapidity distribution appears to develop a plateau. The rapidity dis- 

tributions are similar in shape to those observed in proton-proton col- 

lisions [3.10]. 

3.7.Summary 

We have seen a beautiful confirmation of the basic predictions of the 

quark-parton constituent models: 

(1) Two-jet structure appears in high energy e+e- annihilations 

characterized by a transverse momentum which is roughly con- 

stant as a function of energy and which is similar to transverse 

momenta observed in hadron-hadron collisions. 

(2) The jets have angular distribution which is consistent with the 

expected distribution for spin l/2 partons. 

(3) The quantity s do/dx, 
II 

approximately scales at energies of 4.8 

GeV and above. 
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4. THE $ FAMILY 

4.s. htroduction 

This section will cover the properties of the various members of the $ 

family, the bound-states of a charmed quark and a charmed anti-quark. The 

recent identification of charmed mesons in e+e- annihilation, which we shall 

discuss in section 5, has effectively removed other explanations of the 

origin of the + particles as viable alternatives. Accordingly, whenever it 

is convenient to do so, we shall assumethatmembers of the $ family are 

states of charmonium. 

The known members of the JI family fall into two classes, the l/l's, 

s-channel resonances which have Jpc = l-- and are produced at rest in 

+- 
e e annihilations, and the x's, C-even states which are observed in the 

radiative decays of the 9 and $J' [4.1]. The q's consist of two extremely 

narrow resonances, the $ r=$(3095) or J] and the $' r=$(3684)J, and pro- 

bably several broader resonances at higher mass. The mass region between 

3.9 and 4.3 GeV/c2 is quite complicated and not well understood. In addition 

to resonances, there are many thresholds for charmed meson production con- 

spiring to create the complex strtisctureeseen in fig. 2.5. An isolated re- 

sonance, the J1(4414), appears above this region [4.2] and it is shown in 

more detail in fig. 4.1. 

The most remarkable property of the JI family is the narrowness of the 

states which lie below the threshold for charmed meson pair production. The 

strong decays of these particles are not inhibited by any conservation law, 

yet theirrates are three to four orders of magnitude smaller than those for 

ordinary strong decays. This behavior is explained phenomenologically by the Ckubo- 

Zweig-.Iizuka (OZI) rule [4.3] which was formulated a decade ago to account 
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for the suppression of+ -+~IT. The OZI rule as it applies to 9 decays is 

illust_hrated in fig. 4.2. Quark diagrams which are disconnected are suppressed 

relative to diagrams which are not. A disconnected diagram is one in which 

one or more particles can be isolated by drawing a line which does not cross 

any quark lines. The Jt is the first known particle all of whose strong 

decays are OZI suppressed. We shall return to a discussion of this rule as 

it manifests itself in J, decays in section 4.4.4. 

4.2. Decav Widths 

Figures 4.3 and 4.4 show the measured cross sections for hadron pro- 

duction, p pair production, and e pair production (or scattering) in the 

vicinity of the $ and $I' '4.4,4.5'. These,are 071~ apparent cross sections 

because in both cases the true widths of the resonances are considerably 

smaller than the experimental resolution. 

In cases such as this the true widths must be determined by a "trick". 

Here the trick is that we measure the +e+e- coupling two different ways. As 

can be seen from fig. 4.5, e+e- -+ $ -+ anything is proportional to this 

coupling, +- while e+e- -+ $ -t e e is proportional to the square. 

The formalism is fairly simple. For any final state f, the resonant cross 

section will be given by 

~(2J+l) reerf 
L^ O$,f = m2 (E-m)2 + r2/4 

(4.1) 

where m is the mass of the +, J is its spin, Tf is the partial decay width 

to the state f, and I' is the total decay width. 

Integrating eq. (4.1) and using J = 1 we obtain 

sJ,f 9 
= j$, f dE = 

6n2reerf 
2 

mr 
(4.2) 
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We can now use eq. (4.2) to obtain all the widths. In particular, 
-h 

- 
r ee = 3 '$,a11 

and 

(4.3) 

(4.4) 

For simplicity we have ignored radiative effects and interference be- 

tween $ decays and the direct channel e+e- -f f. These effects can be in- 

cluded in a straightforward way. 

The widths determined by the SLAC-LBL collaboration for the +,I)', and 

higher resonances are given in table 4.1 ‘4.2,4.4,4.5]. (The world averages 

for the J, and $', which are only slightly different, will be given later in 

. - a complete list of decay modes.) Note that although we don't know how 

many resonances are in the 4.1 GeV region or their locations and widths, 

we can still determine that the branching fractions to electron pairs are 

of order 10 -5 since they are only proportional to the peak cross sections. 

4.3. Spin, Parity, and Charge Conjugation 

If the $ particles are states of charmonium, they should be produced 

+- in e e annihilations by coupling to the photon, in which case they would 

have the same quantum numbers, Jpc = l--. This would not have to be the 

case, however, if they coupled directly to leptons, so an experimental 

check is clearly important. 

We can determine the quantum numbers directly by observing the inter- 

ference between the leptonic decays of the J, particles and the direct 

production of lepton pairs. The formalism can be found in 1.6.3. 

The ratio of muon pairs to electron pairs as a function of energy 
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is shown for the JI and the $' in fig. 4.6. This ratio is used because 

it is least sensitive to normalization effects and because the electron 

pairs are expected to have a small constructive interference below the 

resonance (due to interference with the spacelike diagram). The data 

are inconsistent with no interference by 2.7 standard deviations in the 

* region i4.41 and by 4.9 standard deviations in the +' region [4.5]. 

This is sufficient to confirm that the quantum numbers of both the + and 

*' are those of the photon, J PC = 1-- . 

4.4. Decays of the $ 

4.4.1. Table of Results 

Table 4.2 contains a compendium of the world measurements of $ de- 

cays. The cutoff date for inclusion of data in this table (and other 

tables in section 4) was March 15, 1977. In the following subsections 

we shall examine the consequences of these measurements. - 

4.4.2. Isospin and G Parity 

We can determine the G parity of the $ by observing whether it decays 

into even or odd numbers of pions. It turns out that the $ decays into 

both even and odd numbers of pions -- a violation of I spin. However, this 

violation occurs in precisely the way we expect it to occur, and in the way 

it is required to occur, if the $ couples to a photon. 

Consider the three diagrams in fig. 4.7. Figure 4.7a shows the direct 

decay of the $ into hadrons, (b) shows the decay of the $ into hadrons 

via an intermediate photons, and (c) show the decay into Vpairs. In (b), 

the nature of the final state, except for a phase factor, must be the same 

as the non-resonant final state produced in e+e- annihilation at the same 

energy. This state need not conserve isospin and may be quite different 

from the state produced by (a). Furthermore, we know what contribution (b) 
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must make because the ratio between (b) and (c) must be the same as it 

would be if the $ were not in the diagram, about 2.5. Thus, from the data -h 

in table 4.2, we deduce that if the $ couples to a photon (a) contributes 

67% to the width ,of the JI, (b) contributes 18%, and the leptonic modes con- 

tribute 15%) neglecting possible interference terms between (ai and (b). 

To test this hypothesis we want to compare the ratio of all pion 

final state cross sections to 1-1 pair cross sections on- and off-resonance 

we compute the ratio 01, defined by 

(4.5) 

where data at 3.0 GeV are used as the off-resonance sample. Values of 

a for three to seven pion production are shown in fig. 4.8 '4.161. The 
. - 

results are consistent with all of the evennumber of pion production (G 

even, I odd) coming from the intermediatephotondecay, fig. 4.7. Most of 

the odd pion production comes from the direct 9 decay, fig. 4.7 and the G 

appears to decay directly into a pure I G = (even>- state. 

It is relatively easy to show that I=0 using the data in table 4.2. 
+- 

One way is to compare $+ p"?ro and 1cI -f P-IT'. For this decay either I=0 

of 1=2. IfI=O,then I' = r , whereas for 1=2, I = @ . The 
p" IT0 p+f- p" lr" p+lT- 

data indicate thatI' =(I..20 + 0.26)r strongly favoring I=O. These 
PO ITo p+?l-' 

properties, the coupling to photon pairs via a photon, the conservation of 

isospin in direct decays, and 1=0, are just the properties we expect of a 

state of charmonium. 

4.4.3. SU(3) 

If the $ is a state of charmonium, then we expect it to behave as a 

singlet with respect to the approximate SU(3) symmetry of the three 
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lighter quarks. For each SU(3) multiplet there is a generalized charge con- 

jugation, SE which is equal to C of the I=0 part of the multiplet. If the 

4J is an SU(3) singlet, then it cannot decay into two mesons with the same 

%?[4.27]. 

If we consider the well established pseudoscalar (P), vector (V), 

andtensor (T) meson multiplets, then decays to PP, PT, VV, and TT meson 

pairs are forbidden, while decays to PV and VT pairs are allowed. Ex- 

amining table 4.2 for decays involving K, K*(890), and K**(1420), we find 

that in each case the allowed modes are observed and the forbidden modes 

are not. In particular note that 

I@*) > 30 
r 0.W 

and 

(4.6) 

(4.7) 

It is not true in general that heavy particles do not decay into two 

pseudoscalars. The x(3415) decays into both rr+rr- and K+K- with branching 

fractions of about 1%. 

For the two allowed modes, PV and VT, we can proceed one step further 

and ask whether the branching fractions to individual channels are in accord 

with SU(3) symmetry. In the PV case, per channel, 

r (~4 : r (KK*) : r6-4) 

should be 

1.0 : 1.0 : 0.48 . 

Correcting for phase space (4.9) becomes 

1.0 : 0.84 : 0.36 . 

(4.8) 

(4.9) 

(4.10) 
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Normalizing PIT to unity the data from table 4.2 are 
- 

1.00 + 0.14 : 0.41 + 0.05 : 0.27 'r 0. 

Dividing by the predicted ratios (4.10), we obtain 

16 (4.1 .I> 

1.00 ? 0.14 : 0.49 f 0.06 : 0.75 + 0.44 (4.12) 

Thus I'(PT) is about a factor of two larger than expected from r(KK*). 

For the VT decays, we expect, per channel 
* ** 

r bA2) : r(KK ) : r(+f') : rbf) 

to be 

1.0 : 1.0 : 1.0 : 1.0 

Correcting for s-wave phase space (4.14) becomes 

1.0 : 0.90 : 0.78 : 1,Ol 

Normalizing pA2 to unity, the data are 

1.00 + 0.54 : 1.20 + 0.46 : 0.29 'r 0.18 : 1.00 + 0.36 

Dividing by the predictions, (.4.15), we obtain 

1.00 + 0.54 : 1.33 2 0.51 : 0.37 -t 0.23 : 0.99 + 0.36 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

(4.17) 

In this case there is good agreement between PA2, K K and wf. $f' is 

low, but itspredicted rate is sensitive to the assumption of s-wave phase 

space.. 

Thus, in general, the $ does appear to behave as an SU(3) singlet. 

Allowed decays are observed and forbidden ones are not. Decay rates are 

roughly correct, but the discrepancy between ITS and KK* indicates some 

SU(3) breaking, 

Although-we have not yet discussed their decays, this is probably 

the best place to make a few remarks on the SU(3) properties of other 
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members of the $ family. The only evidence we have for the $' is that 

the decay to pi has been observed and is at least four timesllargerthan - 

the decay to 6, which has not been seen. This indicates some inhibition 

of the E mode. 

There are several predictions for the x states under the assumption 

that they are SU(3) singlets. These are listed in table 4.3. Although 

the errors are large, there is no apparent deviation from the SU(3) pre- 

dictions. 

4.4.4. Tests of the OZI Rule 

As we noted previously, the $ is narrow because all of its decays 

are suppressed by the OZI rule. The decays $ -+ WITS and JI + @ITT allow 

the examination of this phenomenological rule further since the @IT 

decay corresponds to a doubly disconnected diagram as illustrated in fig. 4.9a 

and 4.9b. 

From table 4.2 

r (~4 _- = 
r (WTUT) 0.26 -t 0.12 (4.18) 

which gives an overall suppression factor of about four. However, this over- 

all factor is quite misleading. To understand the dynamics better, we want 

to study'-the ratio in eq. 4.18 as a function of ITT mass, which is plotted 

in fig. 4.10. Above 1100 MeV/c2, there is only one observed @Teevent and 

the suppression factor is of order 70. But below 1100 MeV/c2, there does 

not appear to be any'suppression. 

One way this could occur is shown in fig. 4.9c L4.151. Two pair of 

ss quarks could be formed with only single OZI suppression. One pair 

forms a $I, the other a ss state near or below 
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threshold for K pairs, for example the S*(993). Because of either phase 

space, "this state will be forced to decay into pions rather 

than kaons. 

Additional striking evdience for the OZI rule in $,decays comes from 

the decays into wf, $f', wf and $f'. The decays wf and $f' are observed, 

while the similar decays wf' and $f are not. From table 4.2, 

r(e + of) > 17, r(+ + of')- 

and 

(4.19) 

(4.20) 

Assuming ideal mixing, the o and f are made up of non-strange quarks and 

the 4 and f' are made up of strange quarks. Thus the decays $ +uf' and 

$ + $f are doubly disconnected while the decays $ -+wf and $ -f $f' are only 

singly disconnected. 

4.4.5. Radiative Decays 

Recent data from DORIS [4.23,4.24] allow us to draw some interesting 

conclusions from $ radiative decays to ordinary psuedoscalar mesons. The 

decay J, + y.rr" has a very small branching fraction, (7.3 'r 4.7) x 10 -5 . The 

decays $ -F ynand JI + yn' have branching fractions which are around an 

order of magnitude larger, (8.8 + 1.9) x 10 -4 and (2.4 ? 0.6) x 10 -3 re- 

spectively. 

Three processes which could account for these decays are shown in fig. 4.11. 

In fig. 4.11a the photon is emitted fromtbelight quarks. The SU(3) coupling 

here is a singlet going to a pair of octets. From SU(3) we would expect y.rr" 

to be three times yn. This clearly cannot be an important mechanism since 

the HIT' branching fraction is very small. 

The second mechanism (fig. 4.11b) is for the photon to be emitted from 
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the charmed quark pair. This SU(3) coupling must be a singlet going to a 

pair of singlets. This diagram should be completely dominated by yn' since 
c, 

0' is almost a pure SU(3) singlet, while the n is almost pure octet. If 

this diagram is to account for all of the radiative decays, it is hard to 

understand why the n to n' ratio is so large. 

This brings us to an interesting suggestion [4.28,4.29]. If there is 

a small amount of cc mixing in the n and n' (there can be no mixing in 

the no by isospin conservation), then the radiative decays can occur without 

OZI suppression, as shown in fig. 4.10~. The data on radiative decays give 

support to this suggestion. Additional support will be presented in the 

next subsection and in section 4.5.2. where we discuss the $'+ $11 decay. 

An interesting sidelight is that part of figs. 4.11b and 4.11~ can 

be calculated by applying vector dominance to the decay JI' + $n, as shown 

in fig. 4.12. This calculation gives a value which is an order of magnitude 

too large [4.27,4.30]. This should at least caution us that the use of vector 

dominance to extrapolate in q2 from zero to rni dangerous. 

4.4.6. Is Anything Missing? 

With all of the data that have now been collected on Jo decays, it is 

interesting to determine to what extent we can account for all of the $ 

decays. To do this we employ a statistical model to uniquely predict branching 

fractions for all charge states of a channel, given the observation of one 

charge state of that channel [4.15,4.31]. We assume that isospin is conserved 

in $ decays so that the final state has I=O. The only exceptions are states 

consisting solely of even numbers of pions. As discussed in section 4.4.2., 

these decays proceed via a second-order electromagnetic interaction and we 

assume that I=1 for these states. 

The results are given in table 4.4. By using present measurements and 

the statistical model, we can account for 53.2 !: 3.4% of J, decays. Three 
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types of decays havenotbeen included in table 4.4 because there are no 

measurements of them: (a) decays with higher multiplicities, (b) decays 

0 involving photons (other than YIT , yn, and yn'), and (c) decays involving 

n's and Q"S (other than $n and pin). By using smooth multiplicity curves 

we can estimate the first class to contribute about 6%. The decay 

$ + yX(2830), which we will discuss in section 4.7, contributes less than 

1.7% and radiative decays to ordinary hadrons should not contribute more 

than an additional 2%. Adding all these contributions together, we can 

account for no more than 63% of the Jo decays. This leaves 37% of all de- 

cays (or 43% of hadronic decays) which can be accounted for only if they 

contain an n or n'. 

Additional evidence for a substantial fraction of $ decays containing 

n's comes from the yy group at Adone [4.7]. They have determined the 

average number of charged particles in JJJ decays to be 3.8 ? 0.3 and the 

average number of photons to be 6.2 2 1.6. Since the $ has 1=0, there should 

only be 3.8 photons per decay from direct r 01 s. If we assign the excess 

2.4 + 1.6 photons per event to n production, there are an average of 

0.9 !I 0.6 T-I'S per decay. 

Detectors with high resolution photon detection will be operational 

soon and be able to measure n production directly. A large fraction of 

decays with n's would support the hypothesis of cc mixing in pseudoscalar 

mesons [4.29]. ' 

4.5. Decays of the $' 

4.5.1. Table of Results 

There are four classes of $' decays which we will discuss: 

(a> q' + + decays, (b) second-order electromagnetic decays, (c) direct 

decays to ordinary hadrons and (d) radiative decays to intermediate 
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states (x states). Table 4.5 contains a compendium of world measurements 

of these decays. 

4.5.2. Jt' -f $ Decays 

The $' decays over half the time into the $. These decays have now 

been measured at both SPEAR [4.32,4.34-4.371 and DORIS [4.38,4.39] with 

consistent results from both laboratories. Some of the experimental tech- 

niques were discussed in 1.6.8. 

There are three important conclusions to be drawn from the measurements 

of @' + J, decays. First, the $' and + are closely related. There is much 

more phase space for JI' + W~TTTT than for $' -f @7~, yet the branching fraction 

for the latter decay is more than two orders of magnitude larger than that 

for the former. 

, Second, as expected for a state of charmonium, isospin is conserved 

in the decay and is equal to zero. This can be seen from the ratio of the 

0 0 
w n mode to the $I'+T- mode which is equal to 0.48 2 0.09. Correcting 

for phase space, we expect this ratio to be 0.52 for 1=0, 0 for I=l, and 

2.1 for 1=2. Additional evidence for isospin conservation comes from the 

observation of $' -+ $n but not $' -+ @no. The latter decay is not observed 

at thelevelof 3% of the former and it is inhibited only hy isospin. 

The third conclusion has to do with the only real surprise in the 

4)’ -+ $ decays, the size of $' + $n. This decay is quite large -- it is 

about a 4% branching' fraction -- even though it has everything working 

against it: 

1) There is little phase space; the Q value is only 40 MeV. 

2) This is a P-wave decay, so there is an angular momentum barrier. 

3) The decay is W(3) forbidden in the limit that the n is pure 

octet. 
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We have already discussed a way out of these difficulties. If there is 

some cz mixing in the n, $' -+ $n is no longer OZI suppressed and its 

large branching fraction can easily be understood. 

4.5.3. Second Order Electromagnetic Decays 

The arguments of section 4.4.2. which were applied to the -i apply 

equally well to the +'. The branching fractions to e+e- and to u+v- are 

each about 1%. Therefore the branching fraction for hadrons produced via 

an intermediatephoton (fig. 4.7b) should be about 3% since the non-resonant 

value of R in the vicinity of the $' is about 3. 

4.5.4. Direct Decays to Hadrons 

Few direct decays of the $' to ordinary hadrons have been observed 

and only two modes, pp and K+K-a'~-, have been measured well. This is 

partially because the direct decays are usually masked by a large back- 

ground of $' -t @TUT decays and partially becausenot enough effort has 

been expended on finding these decays. Both the pp and K+K-x+T- modes were 

measured in the process of working on x decays. 

Nevertheless, these two modes given us a considerable amount of infor- 

mation on direct $' decays. Table 4.6 shows a comparison of $ and $J' 

decays to these two modes and to lepton pairs. For all three decays the 

ratio of the $' to $ partial widths is equal within errors. This can be 

understood if 

r(hadrons) a I'+'(O)\ 2 (4.21) 

where Y(0) is the wave function at the origin [4.45]. A heuristic argument 

for eq.(4.21) is that the annihilating charmed quarks are heavy and so the 

interaction is fairly local. 

If we assume the validity of eq.(4.21), then the branching fraction 

for J,' direct decay to ordinary hadrons is about 9%. 
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4.5.5. $' + yx Decays 

If we consider the + as the triplet S ground state of charmonium and 

the $' a radially excited state of the JI, other states should exist which 

could>e reached by radiative transitions from the $' [4.46-4.491. The 

expected scheme is shown in fig. 4.13. There are three triplet P states 

and two singlet S states. The states above the JI could decay radiatively 

to the $ or could decay directly to ordinary hadrons. As will be discussed 

below, the P states are now well established. There are also candidates 

for the two pseudoscalar S states, but they are in need of further experi- 

mental confirmation. 

The JI' -t yx decays have been detected by three techniques: 1) by 

detecting the hadronic decay of the x's, 2) by detecting the $ and one 

or both of the cascade photons in I/J' -+ yx -+ yy$, and 3) by detecting 

monochromatic photons. We shall now discuss each of these techniques in 

turn. 

x Decays to Hadrons 

These decays are detected by finding events in which the missing mass 

recoiling against all of the observed charged particles is consistent with 

that of a photon c4.501 . In general there is insufficient' resolution to dis- 

tinguish between a photon and a 'r", but fortunately q'decays involving a single 

0 IT occur infrequently enough that they are.nota severe background. 

Figure 4.14 shows x mass spectra obtained by this technique after a 

one constraint fit has been performed [4.44]. Figure 4.14a shows the data 
+ 

forx+ 47~~. Here events with masses above 3.60 GeV/c2 are consistent with 

the second order electromagnetic decay Q' + 4~r. There are three other clear 

peaks at masses of about 3415, 3500, and 3550 MeV/c2 each of which we identify 

with a x state. 
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Figures 4.14b, 4.14c, 4.14d show the mass plots for x decays to 

K+Kh+rr-, 371+3Ti--, 
+- 

and r II or K+K-. The same three states are found 

in the??e plots, but not as clearly in all cases. In the K+K-v+?T- mode 

the x(3510) is weak. In the 37r+3ir- mode 

the x(3510) and x(3550) are not resolved. In the IT+IT- or K+K- mode, the 

x(3415) is quite clear and there are eleven events in the vicinity of the 

x(3550) with an estimated background of only two or three events. There 

are only two events in the vicinity of the x(3510) and these are consistent 

with backgrounds. These decays into two pseudoscalars will be important 

when we consider the spin assignments of the x states in section 4.6.2. 

x Decays to yJI 

Two methods have been used to detect the $' + yx -+ yyJl cascade. In 

both methods the $ is observed in its muon pair decay, so that the final 

state corresponds to $' +- yy~+~-r-. 

In the first method, which has been used in the SPEAR magnetic de- 

tector, one detects u+p- and observes a conversion of one of the photons 

in the 0.052 radiation lengths of material surrounding the beam pipe [4.35]. 

A one constraint fit is then performed to the event. A computer recon- 

struction of this type of event is shown in fig. 4.15. 

In the second method, which has been used both at SPEAR [4.35] and at 

DORIS [4.38], both photons are detected in shower counters and the angle 

measurements are used to give a two constraint fit. This method provides 

worse resolution, but much higher statistics than the first method. It 

will prove useful in section 4.6.2. where we discuss the angular distributions. 

Whichever method is used, there are two solutions for each event since 

one does not know a prioriwhichphoton was emitted first. This two-fold -- 
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ambiguity can be resolved by observing the widths of the reconstructed x 

masses since the first photon will be monochromatic, while the second is 

Dopple^r shifted by the motion of the x. 

Figure 4.16 shows the yJI masses obtained by the first method at SPEAR 

E4.371. There are four clusters of events. The x(3510) and x(3550) are 

clearly visible and the two-fold ambiguity is resolved in favor of the 

higher mass states in agreement with the observation of x's from their 

hadronic decays. There is a single event consistent with coming from the a 

x(3415). 

The new element in fig. 4.16 is the cluster of four events at 3454 MeV/c'. 

Since the expected background in all of fig. 4.16 is only one event, it seems 

unlikely that this cluster is due to background. Nevertheless, these four 

events are the only evidence for this possible state; it clearly is on 

shaky experimental ground and badly needs confirmation.- We shall tentatively 

dub it the x(3455) and discuss it, but the reader is forewarned of its 

weak status. 

The latest data from DORIS [4.39] h s ow the same pattern as fig. 4.16, 

but with fewer events and worse resolution. There are five events at the 

x(3510), one event each consistent with coming from the x(3415) and x(3550), 

and one event ambiguous between the x(3510) and the x(3455) 

Monochromatic Photons 

In order to measure the branching ratio for I/J' + yx, it is necessary 

to detect the monochromatic photons. Two measurements of this type have 

now been performed. The first comes from the magnetic detector at SPEAR L4.371. 

Photons were detected by observing conversions in the material around the 

beam pipe. For low energy photons, the rms energy resolution is about 2% 



- 35 - 

for this technique. Photon energy spectra from $ and $' decays are shown 

in fig. 4.17. A peak is seen in the $J' spectrum at 261 MeV, corresponding 

to th: X(3415). The branching fraction for $' + YX(3415) from these data 

is 0.075 ?' 0.026. The other X states correspond to lower photon energies 

and are not visible becauseof rapidly falling acceptance in this region. 

A special experiment was conducted at SPEAR to search for monochromatic 

photons by a collaboration from Maryland, Pavia, Princeton, San Diego, SLAC, 

and Stanford (MPPSDSS) L4.251. Arrays of large NaI crystals were used to 

detect the photons with about 5% rms energy resolution. The data from $ and 

JI' decays are shown in fig. 4.18. There are no significant peaks in the $ 

spectrum, but four clear peaks are apparent in the $' spectrum. The first 

three correspond to the X(3550), X(3510) and x(3415), and the last is from 

the Doppler broadened photon in X(3510) -f y$ decay. The branching ratios 

for $'+yX are 0.072 2 0.023, 0.071 2 0.019, and 0.070 ? 0.020 for the 

X(3415), X(3510), and X(3550), respectively. The branching fraCtiOnS for 

$' + YX(3415) determined by these two experiments are in excellent agreement. 

4.5.6. Is Anything Missing? 

Two years ago, before the X states and direct $' decays were found, 

there was a large fraction of 1cI' decays that could not be accounted for L4.331. 

It is now interesting to ask whether the situation has been rectified. The 

accounting is given in table 4.7. We can account for (89 ? 9)X of the $' 

decays. There is still room for new decay modes but they are no longer 

mandated by the data. 

4.6. X States 

4.6.1. Masses and Branching Ratios 

Table 4.8 lists the mass determinations of the X states. The average 

values are 3413 2 5, 3454 2 7, 3508 2 4, and 3552 2 6 MeV/c2. 
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Tables 4.9, 4.10, and 4.11 give a compendium ofX branching ratios. 

4.6.2. Spins and Parities 

clthough we have not explicitly determined the spin of any of the 

X states, we nowhaveenough information to give an experimentally pre- 

ferred assignment under the mild, but powerful, assumption that we are 

dealing with the low lying states of a fermion-antifermion system. 

We will assume that the possible spin-parity states are those shown 

in fig. 4.13, O-, 0+, l+, and 2 + . We shall then go through a series of 

arguments which will excludecertain spin-parity assignments for certain 

states. At the end, if we make the additional assumption that each of the 

four spin states should be assigned to one of the four X states, we obtain 

a unique solution. 

The first piece of evidence for spin assignments comes fromX decays 

to two pseudoscalars, 'lr%- or K+K-. The possible Jpc states for two pseudo- . - 

scalars are 0 ++, iv-, 2*, etc. The X states have even C since they are reached 

by radiative transitions from the $J'. Therefore any X state which decays to 

+- IT TT or K'K- must have Jp = O+, 2+, etc. In fig. 4.14 there is overwhelming 

evidence that the X (3415) decays to .lr+%- or K+K- and there is strong evidence 

for the X(3550) decay to n+r- or K+K-. 

The other technique which can be used to determine X spins is a study 

of angular distributions of the photons. The most information comes from 

the 7/J' -+ YX -+ YY$ +YYIJ-U cascade [4.51-4.531. There are five independent 

angles as illustrated in fig. 4.19. For spin 0, the distribution is unique, 

wee, 0, 0, e', I$') = (1 + cos28)(1 + cos20') . (4.22) 

For other spins, the distirbutions are quite complex and depend on which 

multipoles are excited. A study has been made at SPEAR of these distribu- 
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tions for the X (3510) using the second method of detecting cascade events 

discussed in section 4.5.5. [4.21]. Preliminary results indicate that the 

bbserVed distributions completely exclude spin 0. Work is now in progress 

to determine whether spin 1 or 2 is favored and which multipoles are involved 

in the decay. 

The DESY-Heidelberg collaboration has also concluded that the X(3510) 

spin is not zero by just studying the 6 distribution c4.541. 

The angular distributionof the photon in the production of the X(3415) 

and the X(3550) has been studied inX+ 4T and x -+ K+K-T+n- decays 14.441. 

Figure 4.20 shows the 6 distributions when X's are detected in these modes. 

The angular distribution must be of the form 

W(0) Oc 1 + c1 cos2e, (4.23) 

and from eq.(4.22), c1 = 1 for spin 0. Fits for 01 to all of the data for 

all hadronic modes give t4.441. 

01 = 0.3 + 0.4 for X(3550), (4.24) 

and 

Qt = 0.1 + 0.4 for X(3510), (4.25) 

a = 1.4 2 0.4 for x(3425). (4.26) 

Thus, the ~(3415) is consistent with spin 0, but the X(3550) is inconsistent 

with spin 0 to about two standard deviations. 

All of these arguments are summarized in table 4.12. A number of con- 

clusions can be drawn: Without any assumptions, none of the three well 

established states, x(3415), x(3510), or X(3550), can be pseudoscalar. 

Also if the X(3550) has a spin below 4, its spin-parity must be 2+. If 

we assume that the four candidate spin states each correspond to one of the 
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four X states, there is a unique assignment: 

State 

x(3550) 2+ 

X(3510). 1 + . 

x(3445) 0- 

x(3415) o+ . 

Note that the x(3455) has been assigned to be a pseudoscalar, not be- 

cause we know anything about it, but because that was the only slot left. 

There are other possibilities. Jaffe suggested that this state could be 

an exotic c4.551 and Harari suggested that it could be a singlet D state, 

Jpe = 2-+ t-4.56-j. 

4.6.3. Comparisons to Theoretical Models 

The data on P states appear to be in reasonable agreement.with most 

charmonium models. First, the order of the states is correct. in all models 

the 2+ state should be heaviest and the O+ state should be lightest. Second, 

the ratio of $' -+ YX partial widths is in agreement with the simplest assumption: 

that they should be proportional to the phase space factor for dipole transi- 

tions. We expect: 

($' -t x(3550)) : (4J' + x(3510) : x($' -+ X(3415) 

= 5k3 : 3k3 : k3 

= 1.0 : 1.4 : 1.6 ,- (4.27) 

where k is the available momentum and the coefficients are spin factors. 

With large errors the observed values are: 

1.0 : 1.01 : 1.04 * (4.28) 
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The x(3510) has a larger branching fraction to y$ than either the 

x(3415) or x(3550), presumably due to a suppression of X(3510) -+ hadrons. 

This b:havior was expected for the 1 + 
P state in models in which C-even states 

decay to hadrons via two massless vector gluons [4.57]. Since a spin 1 

Particle cannot decay into two massless vector particles, these decays are 

suppressed. 

The assignment of the ~(3455) as the n; appears to be in strong dis- 

agreemnt with models where it decays via two vector gluons. Chanowitz 

and Gilman [4.58] point out that the matrix element for Jo' -t ync is related 

to that for n' c + YdJ* From this they conservatively deduce that the total 

decay width of the X(3455) is at most a few tens of keV whereas one expects 

a width of several MeV in these models. 

. - 

4.7. The X(2830) 

Two experiments at DORIS have reported evidence for a state at about 

2830 MeV/c2 which is detected in the sequence$ + Yx -+ YYY [4.24,4.591 . 

Only the photon angles are measured and a one-constraint fit is performed. 

Backgrounds are $ + yn, J, -+ yn', and radiative (non-resonant) two photon pro- 

duction. 

The highestyy invariant mass for each event is plotted in fig. 4.21, 

along with a curve showing the expected events from radiative two photon 

production and reflections from yn and yn' decays. The peak around 2.83 GeV/c2 

contains 30 events with 14 expected from backgrounds. This corresponds to 

about a four standard deviation effect. 

No experiment at SPEAR has been sensitive to the three photon mode. 

Originally, it was reported from DORIS that $ +- yX+ ypp'wi-th a branching fraction of 
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about 2 x 10 -4, based on the observation of two events [4.38] . This result 

- was later withdrawn [4.39], but in the meantime a search was made for the 

pp decay mode in the SPEAR magnetic detector [4.20]. The background is 

$+PP"O since a 7r 0 and photon will not be completely separable by missing 

mass. The data are shown in fig. 4.22. There is no sign of the X(2830) 

and an upper limit on the branching fraction for+ +-yX+ ypp can be set at 

4 x10 -5 . Searches for X(2830) decays into other hadronic modes have all 

been unsuccessful, but none of the limits are small enough to cast doubt 

on the existence of the X(2830). 

The status of the X(2830) and the x(3455) are quite similar. We 

have enough evidence to take these state seriously, but not enough to 

conclusively establish them. Confirmation of both is badly needed. 

4.8. Summary 

. - In the two and one half years after the discovery of'the $, we have 

learned a great deal about it and its relatives. In some cases we understand 

a state of charmonium better than its analogue in light quarks. An attempt 

to summarize as much of this information as possible on one page is made 

in fig. 4.23. 

As we look to future work in this field it is clear that a great 

deal of it should and will go into understanding the structure of the char- 

monium states in the 4 GeV region and into studying the spectroscopy of 

charmed particles. There is, however, more work that should be done on J, 

and $' decays. Below is a list in no particular order. Some of these 

items can be worked on now, others will have to await better detectors. 

1) The status of the O- states is clearly the outstanding question. 

The masses and transition widths to these states are crucial parameters for 

charmonium calculations. 
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2) Although we now have a preferred set of x spin assignments, it 

is important to determine the spins directly without imposing assumptions 
4 

on the possible values. 

3) There is still a missing P state, the singlet 1 
+- state. The 

best way of finding it.may be in the x(3550) -+ ~1~ decay. a 

4) The direct $' decays to ordinary hadrons needs much more study. 

5) The suggestions that there is cs mixing with the lighter quarks 

in the pseudoscalar states should be followed up. We have seen evidence 

for it in radiative $ decays and in the rate of JI' -f $n. Inclusive and 

exclusive state studies of r~ and n' production in $ decays would be 

useful for the further study of this possible mixing. 

6) Finally there is a great deal of bread and butter physics to be 

done. We can image mega- and multimega-event runs with powerful second 

generation detectors. Systematic measurements of all $ and $' decay modes 

from these data could have three separate objectives: 

a> To study the dynamics of charmonium annihilation. 

b) To study ordinary hadron spectroscopy from a new per- 

spective. In section 4.4.3, we saw that J, decays to PV 

and VT mesons were allowed and that all channels were pop- 

ulated approximately equally. The scalar (S) and axial vector 

vector (A+, A-) multiplets of ordinary mesons are not well 

understood yet. By studying the allowed VS, VA+, and PA- 

$ decays we may gain new insight into them. Note that the 

possible +S>k decay discussed in section 4.4.4. is a VS 

type decay; by SU(3) all the others should be present too. 

cl And finally, to look for surprises which may provide the 

germ of the next level of understanding. 
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5. CHARMED L4ESONS PRODUCED IN e+e- ANNIHILATION 

The theory of the quark structure and the decay properties of 

charmed mesons is discussed in sections 5. 1 - 5.3. Section 5.4 gives a gen- 

eral description of the experimental detection of. the D mesons in efe- annihila- 
. 

tion. Present measurements of all the masses, decay modes, spins, and production 

cross sections of the D mesons are given in sections 5.5 and 5.6. This chapter 

concludes with a discussion of the inclusive K spectrum above and below the charmed 

meson production threshold, section 5.7, and with a brief description of searches 

foriF mesons and charmed baryons, section 5.8. 

5. 1. The Quark Structure and Masses of Singly Charmed Hadrons 

The discovery of the charmed D mesons, which is recounted in this 

chapter, is a beautiful confirmation of another prediction of the charmed quark 

theory [ 5. 1, 5.21, a theory which originally seemed tentative and abstract. 

In this section we describe the quark structure of the singly charmed mesons 

and baryons . 

In quark theory, mesons consist of a quark-antiquark pair, the ordinary 

mesons being made up of a quark- antiquark pair selected from the non-charmed 

quarks u, d, s (table 2. 1); and the $’ family consisting of a cc pair. The ex- 

tension of this concept to a pair consisting of one u, d or s quark and one c (or 

the charge conjugate) leads to the prediction of charmed mesons. Table 

5. 1 presents the structure and internal quantum number of the pseudoscalar 

(D and F)and vector yD* and F*)families of charmed mesons [5.-l]. It is in- 

teresting to look at the SU4 pseudoscalar multiplets, fig. 5.1, which contains 

the D, F, and nc as well as the ordinary pseudoscalar mesons. We 
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+ - 
note tb.at the D and D* mesons have been found and studied in e -e annihila- 

tion eve&s, but as this review is being written no evidence for the existence of 

F mesons has been found in any experiment. 

Turning to the baryons, we can construct them with a total of one, two or - 
three charmed quarks, but we shall consider here only the singly charmed baryons. 

Table 5.2 gives some of the properties of the s$in l/2 singly charmed baryons. 

which are predicted [ 5.1, 5.2, 5,5]. Evidence for the existence of a charmed 

baryon has been found by B, Knapp et a1.[5.3] and by E, G. Cazzoli et a1, [5.4] 

at proton accelerators. But as of this writing, no direct evidence has been 

found in efe- annihilation events. 

The mass of a charmed hadron, M(hc), is given by 

M@c) = C .m q+ Amsplit 
q 

(5Ql) 

. - where c mq is the sum of the effective quark masses and very. crudely gives 
q 

the mass scale of the charmed hadrons. Am split 
is the correction to cm4 

which depends on the angular momentum and spin configuration. 

We can obtain a crude set of quark masses by using the approximate 

relationships 

m =m 
U d = l/2 p mass (5.2a) 

m 
S 

= l/2 $ mass (5.2b) 

to construct table 5.3. 

m 
C 

= l/2 + mass (5.2~) 
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From table 5.1 and table 5.3, this crude theory predicts mD 2 1.94 GeV/c2, 

which is close to the experimental values for the D and D* me sons. It pre- 

.dicts.,the F and F* mesons should be heavier , % % 2.06 GeV/c2. The lowest 

lying charm baryons, the AC and zc should have masses near 2.33 GeV/c2 

Thorough discussions of the theory of charmed hadron masses occur in the 

classic paper of De Riijula et al., [5.5], and in the review paper of Jackson 

i5.2 I. 

We have discussed here only the lower mass states of the singly charmed 

hadrons D Clearly, as with ordinary hadrons , higher and higher mass states can 

also exist, Indeed, now that we know that the D mesons exist, we are confident 

that higher mass states must exist. Hence, while the data which are discussed in 

this section cover only the lower mass states, we should remember that we 

are probably looking at only a small part of an elaborate and extensive family 

of particles -a family as rich in structure as that of the ordinary hadrons. 

Having discussed the nature of the charmed mesons, we discuss next 

their decay properties. We discuss first the decay of the lowest mass states, 

that is, those charmed mesons which energetically can only decay to 

ordinary mesons ., 

5.2, Weak Decay of-charmed Mesons to Ordinary Mesons 

The basic postulate of charm theory is that charm, like strangeness, is 

conserved in strong and electromagnetic interactions. Hence the decays of the 

charmed mesons to ordinary mesons are expected to occur only through weak 

interactions D A simpile way to understand the decay of these mesons is to consider 

the decay properties of the constituent quarks. 

The conventional Weinberg-Salam weak interaction theory applied to the 

quarks [ 5.1, 5.21 divides them into two doublets 

(If), (,“I) (5.3a) 
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where 

-h dP=dcos Bc-ssin8c , 

s1 =d sin 8c + s cos Oc ; 

and BCis the Cabibbo angle [5.6], 

(5.4a) 

(5,4b) 

The two doublets, eq.(5.3a),combined with the two conventional Gpton 

doublets 

have a 4-fermion interaction given by 

+ 
+ Jh)$ + Jh) 

(5.3b) 

Here 4 and Jh are the leptonic and hadronic weak currents. Following 

Jackson [ 5,2] , it is useful to sort out the particle content of HWO We obtain [ 5.63 : 

charged leptonic current 

neutral leptonic current 

charged hadronic current 

J: =cos 0 (ud i- CS) + sin 8 (Gs - cd) (5.7c) 

neutral hadronic current 

N 
Jh = tiu+cc -Sid-ss 

(5.7a) 

(5.7b) 

(5o7d) 
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We note that the strangeness changing charged hadronic current (us) is sup- 

pressed relative to the non-strangeness changing term (Gd) by the factor 

sin eJc0s ec, * and this is the basic reason for the introduction of 0 
C' 

We also 

note that there is no strangeness changing neutral hadronic current; and this 

is one of the basic reasons for introducing the charmed quark, 

Concentrating our attention on the charm terms in eq, ;5.7c), we observe 

that the weak interaction decay amplitude for the c quark going to the s quark 

is proportional to cos Bc, whereas the amplitude for c going to d is proportional 

to sin oc. Since the ratio cos2 ec/sin2 Qc z 0 05 , almost all decays of 
9; 

D or D mesons will contain an s quark and hence a K meson, 

There is a nice way, fig, 5.2, to represent these considerations pictorially 

using the hypothetical intermediate boson W*, fig. 5.2. Figures 5.3a, b , and c 

show Cabibbo allowed weak decays of the Do to K-r+, K- + hadrons , and the 

semi-leptonic final state K- + e + 
+ v e” From fig. 5,3, we expect that some of 

the prominent decays of the Do will be 

hadronic final states K-x+, K*-T+, K-n+*-?T+, 

semi-leptonic final states K-e+v e, K*-e+v,, 

(5.,8a) 

(5.8b) 

Indeed we expect that the semi-leptonic branching ratios should be similar in 

size to the branching ratios to individual hadronic final states, Hence the semi- 

leptonic decays of lowest state singly charmed mesons are an important sig- 

nature for the charmed origin of the leptons, ,section 5,7 and $w;er 6. 

The decay of the D+ meson will also be dominated by the production of a 

K- or K”; hence some prominent decay modes are z”r+ and K-~+n+. The Df* 
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K-n+r+ is an important signature for charm because such a decay is forbidden 

if the D^+ consists of ordinary quarks, namely su. However, for ordinary mesons, 

the decay M+- K-?r+7rr+ is exotic but the decay M+- K+?r-r+ is allowed. 

Therefore, if the K-r+n+ mode is detected and the K+n-n+ is not detected, this 

is strong evidence for charm. 

The decays of the F meson to ordinary mesons can be understood in a 

similar way. The decay of the F mesons’ c quark to an s quark leaves an s 

and s in the final state. Therefore, prominent decay modes should be 

+ F+-KK ‘, K+K-r+..... (5.9a> 

Another decay mode 

. - 

F 
-i- 

- rp+ 

may also be prominent if the s and s form n. 

(5.9b) 

The total hadronic decay width of the D can be estimated using figures 

5.3a and 5,3b; and taking the probability of the (u + 3) system to decay to hadrons 

to be about 1. Then the rate is given simply by the weak decay of the c quark. 

c-s+u+ET (5.10a) 

analogous to muon decay 

/J-v +e’+F 
I-L e (5. lob) 

Putting in a factor of 3 for color, 

r totalCD 
+ hadrons) = 11 -1 Fpeve)-9 x10 set (5.11) 

Gaillard et al. [ 5. l] multiply by an enhancement factor which increases rtotal 

(D -+ hadrons) to 10 13 -1 set . Calculations [ 5,1, 5.21 of partial decay rates for 
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the states discussed above have varied from a few percent to tens of percent, 

Table 5.4 gives some recent calculations [ 5.71 D 

We turn next to the decay of the higher mass singly charged mesons which 

are not limited to weak interaction transitions. 

5.3. Strong and Electromagnetic Decays between Charmed Mesons 

Strong and electromagnetic decays of singly charmed mesons to lower mass 

singly charmed mesons can obviously occur if charm and strangeness are con- 

served in the decay. Consider the Do and D*o , taking the mass of the D*o to be 

greater than that of the Do, as has been found by experiment, section 5.5. Then 

we expect the electromagnetic decay 

D*o --+D”+y ; (5. lla) 

and since the mass difference is sufficiently large, section 5.5, also the strong 

decay 

D*o-Do +K’ (5.llb) 

Both decays have been detected, section 5.5. The strong decay 

D*+--+r++D 0 
(5,llc) 

has also been found, section 5,5. 

Our present picture of the charmed mesons is thus analogous to that of the 

ordinary mesons 0 The higher mass states decay by strong and electromagnetic 

interactions and will increase in width as their mass increases,, The lowest 

lying states must decay by weak interactions and will have narrow widths char- 

acteristic of weak interactions. 
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5.4. Production and Detection of D Mesons in e+e- Annihilation 

Tk search for D meson production in e+e- annihilation was based on three 

predicted characteristics of the D’s 0 First, since they must be produced in pairs 

to conserve charm, the energy range for the search should begin at the $’ and ex- 

tend into the 4 5 E cm 5 5 GeV region. Second, narrow resonances in Kr, Krr, 

KAPUT will be the signature. Third, the branching ratio into a particular mode may 

be less than 5 or lO%, hence large statistics are needed. Indeed, an earlier 

search [ 5. S] using 10,000 hadronic events at Ecm = 4.8 GeV did not find the 

D’s. Finally, in a sample of 29,000 hadronic events of the SLAC-LBL Magnetic 

Detection Collaboration in the energy range 3.9 5 Ecm s 4.60 GeV, narrow in- 

variant mass peaks with an average mass of 1.865 GeV/c2 were found by G. 
+- +- 

Goldhaber and F. Pierre in the neutral states [5.9] K-'rrrri and K-~'TT+IT-, 

fig. 5.4. We show next that it is very reasonable to interpret these sytems 

as decay modes of the Do. 

The narrow widths and presence of K’s are two arguments for believing that 

these are the decay .modes of the charmed Do meson. A further argument 

[ 5.91 comes from fig. 5,5, the spectra of the masses recoiling against the Kn 

and Knnn systems. The lower limit on the observed masses of the recoil systems 

is about 1.87 GeV/c’. Hence the Do production is consistent with 

e+ + e--Do + X0 (5.12a) 

where 

m 
X0 

i m 
Do ’ 

(5012b) 

so that the recoil X0 system can always contain a Do mass particle. A final 

argument [ 5.91 is that the threshold for production of the Kn and Kr?~n systems 
2 is above 3.7 GeV/c since no K7r or K~UTT signals were found in very large $ and 

$1 samples. 



- 50 - 

7++ 
Similar evidence [5.10] has been found for the K IT-IT- decay mode of the 

+ 
D- at a mass of 1.876 GeV/c2 in a sample of 19,000 hadronic events produced at . 

'cm =?.03 GeV, fig. 5.6. A strong argument for the charm explanation of this 
-+- 

decay mode is that there is no signal in the non-exotic K+nr-~+ system. And 

again the masses of the recoil system are above 1.87 GeV/c2, as-is required 

by the charm explanation. The assignment of the KIT, KIT~?I systems and the Knr 

system to the same D isospin doublet is reasonable for five reasons: The 

masses are similar, all the widths are narrow, all the decays contain K mesons, 

the recoil mass spectra are similar, and the charm theory predicts such a 

doublet. 

An important step in confirming the existence of the D and perhaps other 

charmed mesons was the discovery of electrons which must come from 

the semi-leptonic decay modes of these mesons (see eq, (5.8b)) . This subject is 

discussed and the references given in section 6,6 because it must be considered 

in conjunction with a discussion of heavy lepton sources of electrons, 

Another test of the charm explanation of theD mesons is to see 

if the decay of the Do is indeed weak and hence violates parity COnSerVatiOn. First 

we note that the final state in the decay Do -K*T’ consists of two pseudoscalar 

mesons and hence has a natural spin-parity, J p=o+, 1-, 2+, ..O but the spin- 

parity of the final state in D*-+ K’T*T* can be studied via a Dalitz plot. It is 

found [ 5.1 I] that for this state J is not compatible with l- or 2+. We also note 
P 

that a three pseudoscalar final state cannot have J p = o+. Hence assuming that 
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the D',D* are an 

- decay &the D. 

In order to 

study of the D* 

. - 

isospin doublet, we find parity conservation is violated in the 

learn more about the D meson family, we turn to a detailed 

to D decay and the recoil sp.ectra against D mesons. 

5.5. Masses, Spins, and Decay Modes of the D Meson Family 

The only D* decay which has been directly observed is D 
*i- o+ 'Dn. The 

SLAC-LBL collaboration has observed this decay at an average Ecm of 6.8 GeV, 

where the IT' has enough momentum to be visible in the detector c5.171. 

Figure 5.7 shows the D 
*+ 

- Do mass difference. 

There are four important features of this decay: 

1. The restrictive kinematics of the decay caused by the very small Q 

value leads to an extremely accurate measurement of the D 
gc+ - Do mass difference, 

which is found to be 145.3 ? 0.5 MeV/c2. This measurement becomes an important 

constraint in fitting the D recoil spectra, which we discuss below. 

2. The kinematics also allow unusually good mass resolution, as can be 

seen from fig. 5.7. We can determine that, at the 90% confidence level, the 

full width of the D 
it+ 

must be less than 2.0 MeV/c2. 

3. Finally the kinematics leads to an extremely background-free signal as 

can also be seen from fig. 5.7. The improvement in signal to background in 

detecting D *+ -f DOIT+ -++ +KlTlT rather than just Do -+ +K IT is about two orders 

of magnitude and the event rate, for full acceptance is lower by only a factor 

of four. Thus, this decay mode may prove important in studying charm particle 

production from reactions on fixed targets, where background suppression is crucial 

4. An added bonus in detecting this decay is that it provides clear 

3;; evidence against any large Do - D mixing. In fig. 5.7 there is a clear signal 
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in (K-i+) 7;t (fig. 5.7a) but at most a small signal consistent with background in 

a+Tl? t. At the 90% confidence level, a the Do decays as if it were a D 

C.5. e ', to K+x- rather than K-V+) less than 16% of the time. It is likely that 

any first order charm-changing neutral currents would produce Do a to D transi- 

tions on a time.scale considerably shorter -than the Do lifetime. Thus the 

7 
absence of large Do - D mixing indicates the absence of first order charm 

changing neutral currents. 

The SLAC-LBL Collaboration has obtained the charmed meson production data 

near threshold shown in table 5.5. The 4.028 and 4.415 energy 

points were chosen because they are the peaks in the total hadronic cross section, 

fig. 2.5, where charmed meson production may be largest., The 4.028 point is 

also close enough to the threshold of D production to apply the theoretical analyses 

of De R6jula et al,, [ 5,121 and of Lane and Eichten [ 5.131 D For simplicity we 

base the following discussion on the former paper [ 5,121. 

Figure 5.3 shows the expected level structure of the D and D* mesons and 

the possible decays of the D* to the D. Therefore near threshold the simplest 

sources of Do are: 

e++e--Do +c” (5.13a) 

e++e--D’+D*o (5.13b) 

e++e--+D*o+E’, D*‘-+D”+7ro (5.13c) 

e++e--+D*“+Do, D*O-D”+y (5.13d) 

e+ + e- -D*O + E*O, D*'-D' + r" (5.13e) 

e+ + e’---+D*O + D*O, D*O-+Do + y (5 D 13f) 

e+ + e--D*+ + D-, D*+ --‘D’+n 
+ 

(5.13g) 

e+ + e--D*+ f D*-, D*+ -Do + 7r + 
(5.13h) 

It is obvious that reactions 5,13a and 5.13b will give recoil mass spectra which 

peak at the co and E*O masses, respectively. It may not be so obvious that near 

threshold the other reactions also produce peaks in the recoil mass spectra. That 
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this is so can be seen by considering reactions 5,13c and supposing that the 

energyis exactly at threshold for this reaction. 
-0 Then the D*O and D are pro- 

duced at rest, and the recoil mass is simply 

+2E”ri1 +m2 
-1.12 

m(iTO+ no> = 
IT0 'i5O lT" > 

;B %m - (5014) 
0 0 7r IT 

Indeed, given sufficient statistics, we might expect a recoil mass spectrum with 

many peaks. 

However, as shown in fig, 5..9, there are just two strong peaks at about 

2,Ol GeV/c2 and about 2.15 GeV/c2, and a possible very weak peak at about 

1.87 GeV/c’, A very reasonable explanation of these peaks is shown schematically 

in fig.5.10. The 2.0 1 peak corresponds to the5*o mass peak in reaction 5.13b 

superimposed on the !? + TO, Do + y , and D- + +rr+ reflection masses from re- 

actions 5,13c, 5,13d, 5.13e, and 5.13g. This superposition occurs because of the con- 

fluence of two effects: 

1. At Em = 4.028 GeV, the reaction e+ + e- ---f D*O + go is close to threshold 

so that eq. 5.14 is approximately correct, 

2. As shown below, the Q of the decay D*o ---f Do + 7r” is only a few MeV. 

Hence 

m(D” + 7r”) zrn +m Cm 
Do 7~’ 

(5.15) 
D”O 

Similarly the 2,15 peak is a superposition of the reflection masses E*o + 7r” and 

G*o + y from rea’ctiods 5,13e and 5.13f, respectively. 

Quantitative fits to the recoil mass spectra have been made using the momen- 

tum of the Do [ 5.141 and using the kinetic energy [ 5,15, 5.161. This fitting pre 

cedure is difficult and only preliminary results are available [ 5.14, 5.151 0 These 

preliminary results are given in table 5.6. We make some comments on these 

results : 
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(a) D*' + Do has just enough energy to produce the TO. Thfs sup.- 

presses the strong decay of the D*o so that the electromagnetic decay 

- is equally strong. 

(b) The D%’ pair production is barely observed, and the D”E*O and 

D*o D*O production are much larger,, -These results are not in 

quantitative agreement with the predictions of De RGjula et al. -- 

[5.121 based on spin arguments. 

(Cl At this energy all Do production can be explained by the reactions in 

eq. (5.13); there is no need for “inelastic” production reactions such as 

e+ + e- -+ Do + E*o + additional hadrons (5.16) 

This is surely because the energy is close to threshold. At higher energy, we 

certainly expect the r’pair’r production reactions in eq. (5,13) to have small 

cross set tions compared to either “inelastic” reactions such as eq,(5,16) or to 

the production of higher mass charmed mesons. 

To summarize our knowledge of the D and D* masses: the electromagnetic 
A 

mass splitting of the D or D is only a few MeV, the separation between 

the D and D* is about a pion mass, the reactions 

D*o -Do++ 

D*+ -Do+* + 

D *-I- -D++y 

are energetically allowed, the reaction 
f;+ 

D- D+ +T' 

may be energetically allowed, but the reaction 

D* + -D+- Tr 

is energetically forbidden. 

(5.17a) 

f5.17b) 

(5:17c) 

(5.17d) 

(5.17e) 
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The angular distributions of D's produced near threshold gives information 
* 

on the D and D spins. First we note that since charm is conserved in all 
- 

-inte&tions that conserve parity, the parity of the D is arbitrary and we can 

define it to be negative following the usual convention. The existence of the 

decay D* -+ Dir then determines that the D* parity is given by - 

PA = (-1) 
(JD-JD*> 

(5.18a) 
D 

if either JD or J k D is zero. The existence of the decay D* + Dy trivially 

determines that the spins of the D and the Dk cannot both be zero. Thus 

using eq. (5.18a), if (JD + JD*) < 2, the only possibilities are 

JD= , p o- J;, = l- 

or 

J; = l-, J;* = O- 

(5.18b) 

(5.18~) 

The latter possibility is ruled out by two separate distributions, the 

distribution of the K‘- from Do + K-IT+ decays relative to the Do direction 

in reaction (5.13b) and the distribution of Do polar angles from reaction (5.13e) 

[5.15,5.23] . Thus, we conclude that either (JD + JD*) > 2 or the spin and pari- 

ties are given by eq. (5.18b). The latter possibility is what we expect for the 

bound states of a quark-antiquark pair. 

5.6. D Production Cross Sections and Branching Ratios 

In Table 5.7, we give o . B, the product of the D production cross sections 

o and the decay branching ratio B. To make a rough calculation of B we assume 

that at E cm = 4.028 GeV, half of the total hadronic cross section, ah is due to 
- 

charm production, and that 3/4 of the charm cross section leads to D 
0 or D 0 as 

+ 
opposed to D- production. Then, using ah = 33 nb and table 5.7 

B(D" + K-n+) % .57/(2+$33) Q 2% (5.19a) 

The factor 2 in eq. (5.19a) 
a 

occurs because both the Do and D are counted in 
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the .57 value. Similarly 

B(D" -+ K'n+v- or FIT+*-) Q, 4% 

B(D" -t K-~+a-r+) s 3% 

B(D+ -f K:?T+v+) 'L 5% 

(5.19b) 

(5.19c) 

(5.19d) 

These ratios are smaller than originally predicted c5.13. 

5.7. Inclusive K Meson Cross Sections 

As discussed in section 5.2, we expect that almos t all the decay modes of 

the D meson and many of the decay modes of the F meson will contain a K meson, 

either charged or neutral. Therefore an important test for the existence of 

charmed mesons is that* the:production of K mesons increase when the beam energy 

is above the charmed meson production threshold. 

Clear evidence for such an increase has been seen in charged K production by 

the DASP Group [ 5.181; in Ki production by the PLUTO Group [ 5.191 , and in 

Ki production by the SLAC-LBL Magnetic Detector Collaboration [ 5.201 D We 

discuss these results in that order. 

The DASP Group’s cross section [ 5.181 for 

e++e-+K*+X (5.20) 
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is shown in fig, 5.11. We note the dramatic increase in the cross section for 

E 2 4.0 GeV and the peak at 4.03 GeV. A quantitative test of the prediction 
.cm +, 

that almost all D meson decays contain a K meson is provided by defining 

RK(Ecm) =. oK(Ecm)/ a,+ tEcrn) . (5,21a) 

in analogy to 

R(Ecm) = Ohad Fob’ app tEcm) (5.21b) 

(See eq. 2,7. ) Here aK is the total cross section for events containing a 

charged or neutral kaon, 

Next we choose an Ecm below the charmed meson productfon threshold. 

Following refmt.5.18, we use 3.6 GeV. Then we define 

c” (Ecm ) =RK(Ecm) -RK (3.6) 

R new (Ecm) = R (Ecm) - R (3.6) (5.21c) 

=R (Ecm) - 2.5 

Here 2.5 is taken as the average value of R in the Ecm = 3.6 region. If the in- 

crease in ahad above 4 GeV is due completely to D meson production, we expect 

eW(Ecm) = Rnew (Ecm) Ecm 2 4 GeV (5022) 

To test this experimentally, one uses [ 5.181 the expected relationship 

OK = “Ki + OK0 K~ =2a 
, 

K* 
(5.23) 

Figure L.13 shows the’ comparison of RFw with RnewO 
new 

In Fig., >5.1.2a RK 

is seen on the average to be lower than new R 0 However, if the contribution to 

R by a heavy lepton is subtracted from Rnew , Fig. 5.12b, good agreement is 

obtained. 

The inclusive cross sections for 

e++e-*Kz+X (5.24) 
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t 

corrected for the unobserved Ki-27~’ decay mode, is shown in fig. 5.13 for 

the PLUTO Group data [5.19]. Figure 5.14 shows the data of the SLAC-LBL 

Magnetic Detector Collaboration [ 5.20]., The latter is in terms of an RK 

defined by 

R;;=Q /a , 
K,” I-+ 

(5.25) 

the 0 
K0 

having been corrected for the unobserved Ki - 27t” decay mode and 

the detgction efficiency. We note that, as we expect, the CT 
K0 

has the same be- 

havior as (T * a dramatic rise at E 
Kf ’ cm - 4.0 GeV and a s&ong peak at 

E cm = 4,03 GeV. Thus there is general agreement between all three experi- 

ments 0 The only difference is that the SLAC-LBL data shows an enhanced kaon 

yield at the 4.41 GeV peak in the total cross section, fig. 2.5; however, the DASP 

Group and PLUTO Group do not see the same enhancement. 
. - 

5.8. Searches for F Mesons and Charmed Baryons 

As this review is being written, no evidence for the existence of 

F mesons has been found in e?e- annihilation experiments or in any 

other experiments 0 Thus, while the great successes of the charm give us strong 

motivation for looking for the F mesons , as scientists who ultimately must base 

our knowledge on experiment, we must keep the F meson in the category of un- 

confirmed particles, 

The situation with respect to charmed baryons is somewhat better. Cazzoli 

et al. [ 5.41 have found an event 

+p--*/Y-+ A + 7r++7r + 
V/J 

+ 7r+ -I- 7r- (5.26) 

in a muon neutrino bubble chamber experiment which violates the AS = AQ rule 

if it involves only non-charmed particles. An alternative explanation is that 
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the A 7r’ rr+ rr+ 7rlr- is the decay of a charmed baryon with mass 2426 f 12 MeV/c’. 

Such a mass is in reasonable agreement with the predicted [ 5.51 Ca mass of 

2420 MeV/c’ or the Cc mass of 2360 MeV/c’, (see izable 5 .,2) . 

More evidence. for the existence of charmed baryons has been found by 

Knapp et al, [ 5.31 in a photoproduction experiment. They find ax r- r-r’ in- 

variant mass peak at 2260 f 10 MeV/c’ with a width less than ‘75 MeV/c’; and a 

higher mass state ;? (47~)’ at - 2500 MeV/c’. The latter decays into the former. 

The authors state that the 2260 MeV/c’ state could be the charmed baryon AC 

(table 5. Z), and the Y 2500 MeV/c’ state could be the 2: mentioned above. 

No direct evidence for charmed baryons has heen found in e+e- annihilation - 

experiments as this review is being written. That is, no statistically significant 

invariant mass peaks have been found in states such as An, A 3n or A5n. How- 

ever, the SLAC-LBL Magnetic Detector Collaboration has some preliminary in- 

direct evidence [ 5,211 that charmed baryons may begin to be produced in e’e’- 

annihilations as E cm increases from 4 to 5 CeV. As Ecm increases from 4 to 5 

C&V, the production of A or.if's and of antiprotons increases relative to 

the increase in the production of all particles in multiparticle events. Now, as 

indicated above, we expec t charmed baryon masses to be in the range of 2.2 - 

2.5 Gev/c2. Hence the onset of charmed baryon production in the Ecm = 4 to 5 

GeV region would simply explain the observed effect, 

Clearly a great deal of fascinating work lies ahead of us in the search for 

the F meson and chartied baryons in e+e- annihilation physics. And the experi- 

menters in the field, which include the authors, must keep an open mind as to 

what they will find., 



ANOMALOUS LEPTON PRODUCTION IN e+e- ANNIHILATION 
* 

6. *. .., ',*. 3 '13 
By anomalous lepton production we mean the production of electrons 

or muons by processes which are not contained in ordi;ary quan%um electro- 
1;. .A 

dynamics and are not simply the decay of ordinary hadrons such as' 
?, 

IT- -f u- + Gp or K- + e- + je + i". 
.-.I 

Two anomalous sources have been found. 

One source is the leptonic decays of a particle of mass 1.90 f .lO GeV/c' 

which seems to be a new, charged heavy lepton [6.1]. This particle called 

the TJ during the initial studies [6.1-6.41 will be called the 'c in this 
5r 

paper because it appears to be the third charged lepton to be found. 

Theoretical properties of charged heavy leptons based on conventional 

weak interaction theory are discussed in section 6.1. The ep events from 

the reaction 

e+ + e- 
f - 

+e +u+ + no other detected particles, (6.1) 

. - which provided the first evidence for the existence of the r are described 

in section 6.4; and the measured properties of the T based on the ep 

events are also given . More evidence for the existence of the ;,and 

additional measured properties are given in section 6.5 where 2-prong, 

single lepton, inclusive events are discussed. 

The second anomalous source of leptons to be found in e+e- annihilation 

is the semi-leptonic decays of charmed hadrons [6.4-6.81; with the 

best studied component being the semi-leptonic decay of the D mesons just 

above their E cm Q 4 GeV production threshold. The theory of semi-leptonic 

decays of charmed mesons is outlined in section 6.2. In section 6.6 

the experimental evidence for the decays is presented. 

To complete the theoretical presentation, we discuss in section 6.3 

the purely leptonic decays of integral spin particles; an anomalous source 

+- which has not been found in e e annihilation. 
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6.1. The Conventional Theory of Charged Heavy Leptons 

6.1.1. Decays of a Sequential Heavy Lepton 

It-is an old idea [6.9] that the e and u could be the first members 

of a sequence of leptons with charged and neutral members: 

+ * 
e- V 3 

e’ e 

+ 
1-I- V v 

u’ !J 

+ 
RI- 3 

%I5 R 

(6.2) 

f 
R2 V. 3 

f+2’ R2 

. . 

. . 

. . 

Here each charged pair would have a unique lepton number which is carried 

. - only by the charged pair and their associated neutrinos, and all lepton 

numbers would be separately conserved. As is discussed in sections 6.4 

and 6.5 there is now good evidence for the existence of the third charged 

lepton in the series. Using f + (f rom the Greek rplrov) to designate that 

member, and v T for its associated neutrino, there are some simple pre- 

dictions on its properties which can be made from conventional weak inter- 

action theory. 

Assuming that the T lepton number is conserved, the electromagnetic 

decays 

T- $ e- + y , T- + l.i- + y (6.3) 

are forbidden. Unconventional theories [6.10] would allow a small relative 

decay rate to these modes. Then the T is stable unless the mass, mv , is 
T 

less than the T mass, mT. Assuming 

m >m ; (6.4) T V 
T 
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the 'I has the purely leptonic decays: 

I 

-c- -+ v T + e- + Ge (6.5a) 
-cI 

and 

-c- -t v T +p-+3 
u 

(6.5b) 

. 
Following the e,U conventions, the r- and vr are called particles, 

the 't + and 3 T are called anti-particles. Depending on the mr, mv difference 
T 

hadronic decays are also allowed: 

-1- -+ v + Tr- 
T 

T -t VT + p- 

(6.6a) 

(6.6b) 

-r + vT + K- (6.6c) 

T-+v +A- T 1 (6.6d) 

-t- -f v + 2-or-more-hadrons T (6.6e) 

. . 

Conventional weak interaction theory as first carried out by Thacker and 

Sakurai [6.11] and by Tsai [6.12] predicts the decay ratios for the purely 

leptonic modes. The addition of some theoretical concepts and data [6.11,6.12, 

6.191 allows the calculation of decay rates to single hadron final 

states such as IT,~,K,K* and Al. The calculation for final states in which 

there are 2-or-more-hadrons, usually called the continuum, requires additional 

knowledge as to how the hypothetical intermediate boson W decays into many 

hadrons. Fortunately this knowledge can be obtained in part from e+e- annihilation 

data itself by using the analogy between the diagram in fig. 6.la and the 

quark model for hadron production in e+e- annihilation, fig. 6.lb. Relative 

decay rates as a function of mT are shown in fig. 6.2a assuming that the 

T--\)r coupling is V-A and m = 0.0. 
V 

Assuming the T-vr-W coupling constant 
T 
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is the universal G = 1.02 x 10 -5iMzroton' 
the corresponding r lifetime 

is given in fig. 6.2b. An important experimental consequence follows from 

column 3 of table 6.1; 85% of the decay modes of this mass and type 
4\ 

of heavy lepton contain only 1 charged particle. 

Relaxing some of our assumptions, such as changing to V+A coupling 

or giving the v T 
a several hundred MeV/c2 mass, will not change _the 

relative decay rates. On the other hand, setting m to 1. or 1.5 GeV/c2 
vT 

will severely affect the relative decay rates. 

After the publication of the data on anomalous eU events by the SLAC-LBL 

Magnetic Detector Collaboration [6.1,6.2] a number of theoretical papers 

appeared which discussed the production of charged heavy lepton pairs in 

+- ee annihilation and the behavior of their decay products, momentum dis- 

tributions, angular distributions, tests of the nature of the coupling, 

alternative explanations, and so forth. Reference[6.13)contains a partial 

list along with some earlier references which applies to our case of un- . - 

polarized e+e- beams and moderate statistics. 

6.1.2. Paraleptons 

Llewellyn Smith L6.91 defines paraleptons as charged 

heavy leptons with the same lepton number as the oppositely charged e or 1-1; 

hence such leptons cannot decay electromagnetically. Thus Bjorken and Llewllyn 

Smith [6.13bl define the E- and M- to have the lepton numbers of the e+ and u + 

+ 
respectively. The lower bounds on the M- mass set by Barish et al. [6.14] -- 

means that the M cannot be produced by currently operating e'e- colliding 
;+ 

beam machines. The E- with decay modes 

E- + qe + e- + Ge 

E- + Ge + hadrons 

(6.7a) 

(6.7b) 

(6.7~) 

is not excluded by existing neutrino production data. 
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6.1.3. Ortholeptons 

Ortholeptons c6.91 are charged heavy leptons with the 

- same lepton number as the same charge e or 1-1. Ordinarily the e* with the 

same lepton number as the e- would decay electromagnetically 
*- 

e +e-+y _ (6.8a) 

However, the coupling constant at the e*ey vertex is arbitrary as pointed 

out by Low [6.13& and we may make it so small that the weak decays 
t- 

e + v,eY e ' V,lG v hadrons 
1-I' e 

(6.8b) 

are stronger than the decay in eq. (6.8a). A similar remark holds for the 
*- 

lJ with the lepton number of the u-. We also call such leptons excited 

electrons or excited muons. 

6.1.4. Production of Heavy Leptons in e+e- Annihilation 

The simplest assumption is that a heavy lepton is a spin % point par- 

ticle obeying the Dirac equation. The lepton is pair produced through the 
. - 

one-photon exchange diagram of fig. 6.3, the same diagram which leads to 

1-1 pair production. Indeed once Ecm >> 2m lepton the heavy lepton is pro- 

duced as copiously as the lo meson; and this is the reason why e+e- annihi- 

lation has been such a fertile field for heavy lepton searches. Using the 

spin 4, Dirac point particle, assumptions; the-total production cross section 

is 

'e+e- -t T+T- 
= 2n a2 8(3-s2) = 43.4 8(3-B2) nb 

3s E2 cm 

(6.9) 

where E is in GeV and B is the velocity of the 'c in units of c. As an 
cm 

aside, we note that in the Ecm : 8 GeV energy range of this paper we ignore 

the two-virtual-photon process [6.15]. 

e+ + e- -+ T 
+ + T- + e+ + e- ; 

a process which will become important at higher energies. 

(6.10) 
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6.2. Semi-Leptonic Decays of Charmed Hadrons as Anomalous Lepton Sources 

We began the discussion of the semi-leptonic decays of charmed hadrons 

in seczon 5. The important quark diagram is the decay of the c quark to an 

s quark and an e+v 
e or u+vu pair, fig. 6.4a. Taking color into account, this 

quark decay amplitude should be one third as large as the decay-of a c to an s 

and a ua pair, fig. 6.4b. Thus ignoring possible hadronic enchancements the 

the semi-leptonic decays of charmed hadrons should be comparable to 

the hadronic decays. This has important consequences: 

1. The existence of a relatively large semi-leptonic decay rate in a large 

mass hadron (mass c 1.5 GeV/c2 say) is an indication that the hadron may be 

charmed. 

2. The relatively large semi-leptonic decay rates in large mass charmed 

hadrons make it possible to study weak interaction decay dynamics where 

. - four-momentum transfers are large, and hence where form-factor effects will 

be large. 

The charmed Do mesons provide the simplest examples of what sort of semi- 

leptonic decays we expect in charmed hadrons. Remembering that the c decays 

to an s we expect 

Do -+ K- + e+ + ve 

Do -+ K*- + e+ + ve 

Do -+ K- + ?-r" + e+ + ve 

(6.11) 

Do -+ ii0 + TF- + e+ + ve 

Various calculations of charmed hadron semi-leptonic decay rates 

have been carried out [6.16,1.171; and some examples are given in table 5.4 

The production processes for charmed hadrons are of course very much more 

complicated than for heavy leptons. The latter is given simply by fig. 6.3 
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and eq. (6.9). Near threshold the former (using the Do as an example) is given 

by 

e+ + e-+ Do + 5' 

ef + e- -f Do + 5”’ 
I -0 -+D 

e+ + es+ D *o -*o 

I --+D 0 + y+ fjo 

At energies above the threshold region we expect 

+ e + e-+ Do + 5' + additional hadrons 

(6.12) 

(6.13a) 

and 

e+ + e-+ H + additional hadrons 
C 

+ FIc (6.13b) 

L DO L- DO 

. - where H c represents a higher mass charmed hadron which can decay to a Do. 

Combining the production processes in eqs. (6.12 and 6.13) with the decay 

process in eq. (6.11) we come to a very important point emphasized by Wiik [6.5] 

and by Feldman et al. [6.4]. The total final state of a process involving 

the e+e- production of a charmed hadron and its semi-leptonic decay will on 

the average have much higher charged particle and photon multiplicity than 

the total final state of a process involving the e+e- production of a heavy 

lepton and its leptonic decay. 
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6.3. Purely Leptonic Decays of Integral Spin Particles 

- kintegral spin particle whether an hadronic boson or a point particle 

can clearly have the Z-body, purely leptonic decay modes i6.18: 

My -+ e- + ie , M- + !.r- 

In any study of anomalous lepton production in 

must clearly be considered, and we will do so. 

spin 1 and has lower mass thanthe F, then F*- +ev e or u v 
1-1 

might compete 

with semi-leptonic decays of the F*. A point particle example is the inter- 

+; 
u - (6.14) 

+- 
e e annihilation such sources 

For example, if the F* has 
-- -- . - 

mediate boson with decay W- -+ev --e or u-3 ; 
u 

although we must remember that 

present lower limits on the W mass preclude its production at existing 

+- e e colliding beam facilities. 

For a spin zero particle the e-S, decay mode will be strongly suppressed 

relative to the p-;u decay mode by helicity conservation and the left-handedness 

of the V-A coupling; just as it is in 7~~ and K- decay. Therefore we restrict 

our considerations in this section to spins of 1 or larger. 

The production cross section for 

e+ + e- -+ M+ + M- (6.15) 

can be quite complicated even when the spin is 1. We shall use the simple 

form: 

A03 
I I FM(s) 

2 
ae+e- j p.f-$f- = - S 

(6.16) 

Here fi3 is a threshold factor, A is a constant, and FM(s) is a form factor 

which is less than 1 when M is hadronic and s is far above threshold. 
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6.4. The ep Events Produced in e+e- Annihilation 

6;4.1.-^Discovery of the eu Events 

The cleanest signature for the existence of charged heavy leptons 

in the production.and decay process: 

e+ + e- -f fr 

L +, ; 

(6.17) 

e 'c 

or its charge conjugate. Experimentally one would see 

e+ + e- 
+ 

+ e- + p ? + no other detected particles (6.18) 

We call these events signature eu events. The first evidence for such events 

was presented by Per1 [6.11 in the summer of 1975 using the data of the SLAC-LBL 

Magnetic Detector Collaboration obtained at SPEAR. The collaboration has 

published two papers [6.2,6.3] on these events, the second based on a total 

of 105 events after background subtraction. The discussion in this section is 

based on that set of events augmented with more recent SLAC-LBL Magnetic 

Detector Collaboration data. These total data contain 190 ep events with a 

background of 46 events giving 144 signature eu events after background sub- 

traction. These events occur in the energy range 3.8< Ecm d 7.8 GeV. 

The signature eu events were selected using the following criteria: 

1. One parti'cle identified as an e, the other identified as a 1-I. 

2. The e and u have opposite sign electric charge. 

37 P e 3 0.65 GeV/c and pu 5 0.65 GeV/c. These lower limits are necessary 

to insure that e's and u's can be separated from hadrons. 

4. The e and p are acoplanar with B % 20 0 

cop1 where 

cos 8 cop1 = -I be x ?+) * Q?, x ,n+) I/(ln, x ?+I (nv x "+I) (6.19) 

n $6 e 9 h.% nu and.2 + are unit vectors in the direction of motion of the e, u 

and incident positron beam respectively. This cut removes contamination 
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from coplanar ee and VP pairs. 
-h 

5. No other charged particles are detected. 

6. No photons are detected. 

To show that the signature eu events so selected might come from heavy 

leptons via reaction (6.17) it was necessary to prove that they met two general 

conditions: 

A. It was necessary to prove that the e and u were neither misidentified hadrons 

nor the decay products of IT, K's or other hadrons. This has been fully dis- 

cussed in a series of papers [6.1-6.4,6.19 I. We only note here that due to 

misidentification or decay a hadron is called an e 10 to 20% of the time, and 

a hadron is called a ?.I 10 to 20% of the time in the SLAC-LBL Magnetic Detector. 

On the average 20% of the eu events are misidentified hadronic events. In 

addition 2% of the signature eu events are from misidentified ee pairs. 

B. With the majority of the signature ep events shown to be genuine, it was 

necessary to show [6.4,6.19] that they did not come from 

e+ + e- 
+ 

+e-+u 7 + charged hadrons and/or ~T"s, (6.20a) 

where the charged hadrons or v 0, s were not detected. 

Furthermore they must not come from 

e++e- + +e +pF+c’S (6.20b) 

This is because reactions such-as in eqs. (6.20) would indicate a semi- 

leptonic decay source of the eu events; for example the semi-leptonic 
- 

decays of a DoDo pair, eqs. (6.11), could produce the reaction in eq. (6.20a). 

Reaction (6.20a) was eliminated as a major source of the signature ep 

events by showing that there were much too few eFt events with additional 

charged particles or v 01 s detected. Reaction (6.20b) was eliminated as a 
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major source by showing that there were very few ep events of the form 

e+ 

+ - 

+ e- -+ e- + p+ + K;'s (6.20~) 

the Ki's being detected through their rrr+rr- decay mode. To summarize, it 

was shown [6.4,6.19] that the 9Q% confidence- upper limit on the. fraction 

of signature eu events coming from the reactions in eq. (6.20) was 0.39 

(table 6.2). 

Since the signature eu events met these two conditions they were can- 

didates for heavy lepton related events. It was next necessary to see if 

the signature ep events had the expected behavior of heavy lepton related 

events, and to see if these were alternative explanations of these events. 

Later in this section we describe how these studies are done. But first we 

summarize the data on the signature eu events found by the PLUTO group at 

DORIS. 

6.4.2. The eu Events of the PLUTO Group 

In the summer of 1976, H. Meyer [6.20] described the findings of 

signature eu events eq. (6.18) in the PLUTO detector at DORIS. Further 

information on those events was presented at the 1977 Coral Gables Con- 

ference [6.21], and that information is summarized here. Twelve eu events, 

that is signature eu events, were found in the energy range 4.0 < E cm < 4.8 GeV; 

and the calculated background was less than 1.5 events. In the same data 

sample, 7 eu events were found with additionalchargedparticles but the calcu- 

lated background was 6 events. Hence the 12 signature ep events could not come 

from the reactions in eqs. (6.20); and therefore condition B, discussed before, 

is met by these PLUTO events. This is particularly important because the PLUTO 

detector has larger solid angle coverage than the SLAC-LBL Magnetic Detector, 

.85 of 4~r compared to .70 of HIT. 
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6.4.3. The Observed Production Cross Sections for the Signature eu Events 

Figure 6.5 shows o 
eU ' 

the observed production cross section for the 
4 

sample of signature eu events of the SLAC-LBL Magnetic Detector Collaboration. 

The background has been subtracted. The solid curves show the theoretical 

u 
cl-l , eq. (6.91, f or a‘sequential heavy lepton-with V-A coupling-, mv = 0.0 

and m = 1.8 or 2.0 GeVjc'. 
T 

These theoretical curves have been corrected for T 

the momentum and angle cuts and for the geometric acceptance of the detector. 

They are fit to the observed o 
cl-l 

by adjusting the leptonic branching ratios of 

the r. We note that the goodness of fit is not sensitive to mr, except that 

as m increases above 1.9 GeV/c2 the signature eu events at E = 3.8 GeV must 
T cm 

be attributed to background. This latter observation will be used later as 

one way of fixing limits on m . T The quality of fit is also not sensitive to 

the nature of the coupling. 

. - However the introduction of a form factor does decrease the quality of 

the fit. The dashed curve in fig. 6.5 is for a mass 1.8 GeV/c2, heavy -- 

lepton with the production cross section of eq. (6.9), but with the form factor 

FM = C/s where C is a constant. We note that even such a monopole form factor 

gives a poor fit to the data. .Hence the observed ueu favors a point pro- 

duction cross section. This is an additional argument against any hadronic semi- 

leptonic decay source of the signature eU events. Such a source is restricted 

to pure hadron pair production and its form factor dependence on s would be 

strong. 

6.4.4. Observed Kinematics Distributions of the Signature 

In figs. 6.6 and 6.7 we show the missing mass squared 
7 

eu Events 

(m') and invariant 
m 

mass squared (my) distributions for the signature eu events for 4.8 < E < 7.8 
cm 

GeV. Here 

2 m m = (Ecm - Ee - Ell12 - (,p, + zp)' (6.21a) 
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2 m 
i 

= (Ee + Ep)' - (P, + P,)' (6.21b) 

where E 'hey -Pi and E,pu are the energy and three-momentum of the e and u 

respectively. There is no sharp peak in either distribution, as there 

should not be if.the source is reaction (6.17). Other Ecm ranges have 

similar distributions. 

Of much more value are the momentum distributions of the e and u. 

To combine data from various Ecm ranges we define 

r= p - 0.65 
P - 0.65 max 

(6.22a) 

Here p is the momentum of the e or u in GeV/c and pm,, is its maximum value 

in reaction 6.17. The e and u masses are set to zero. Since 0.65 GeV/c is 

the lower limit in p, r has the range 

O$r$l (6.22b) 

Figures 6.8 show the background subtracted r distributions for the signa- 

ture ep events for four energy ranges. A V-A heavy lepton with m =1.90GeV/c2 T 

and m 
V 

= 0.0 is a good fit, table 6.3, except in the Ecm = 4.8 GeV data. 
T 

These same curves can be used to eliminate an alternative hypothesis, 

that the signature eu events came from the Z-body decays of an integral spin 

particle called M, section 6.3. Two cases are considered, fig. 6.8a and 

table 6.3. In one case the M is taken to be unpolarized. This gives a flat 

r spectrum which disagrees with data. In the other case the M is taken to 

have spin 1 and to be polarized so that it is only produced in the helicity = 0 

state. This also disagrees with the data. Hence the r spectrum shows that the 

e and 1-1 do not come from Z-body decays. The possibility that the e and 1-1 come 

from 4-or-more-body decays is also eliminated because the observed r spectrum is 

too "hard" for that hypothesis. 
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From these conclusions and from the fact that the signature ep events 

meet conditions A and B in sections 6.4.1. and 6.4.2.; we are led to the 

'c charged heavy lepton as the simplest explanation of the signature eU events. 
-h 

Our next task is to determine the properties of the 'I and to see if all these 

properties are consistent with those expected of a heavy lepton. For example, 

fig. 6.9 shows that the cos ecoll distributions are consistent with those ex- 

pected for a heavy lepton. Here 

cos 8 co11 = -,Pe * ,pJ'l;,l II&l); (6.23) 

and the distribution is strongly affected by the 8 and momentum cuts in cop1 

section 6.4.1. 

6.4.5. Properties of the r Charged Lepton Using the eu Events. 

;r' Mass: I-n the first method of studying rnT we vary m; and study 

the quality of the fit to o 
eu 

in fig. 6.5. This method is particularly effective 

in setting an upper limit on m T because all eu events with Ecm < 2mr must be 

attributed to background. Table 6.4 gives the results. 

The second method uses the kinematic distributions. A particularly effective 

distribution is a pseudo-transverse momentum, pI, pictured in the inset in 

fig. 6.10 and defined by 

PA = (2, x p,)//p -$I ,e (6.24) 

Table 6.5 gives the values of mr for different hypotheses as to the coupling and 

m. 
V 

A related method uses the average value of cos ecoll, fig. 6.9, for 
f 

8 < 9o". co11 ' 
Another method uses the r distributions [6.22]. There are a 

number of conclusions we can draw from table 6.5. 

1. The ps y ~0s @coll, and r methods are in good agreement although we be-. 

lieve the p 
i 

method is more reliable because it is less dependent on how the 

background is subtracted. 
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2. V-A coupling and mv in the range of 0.0 to 0.5 GeV/c' (see below also) 

is-consistent with zhe mT limits in table 6.4 Using V-A coupling and 

m = 0.0, as does our standard model, we note 
V T 

m = 1.91 + .05 G&c2 (6.25) 
T 

based on the pI method where the error is statistical. However due to 

the differences in the p and cos 0 
F 

methods and some systematic uncer- 

tainties we use 

m = 1.90 + .lO GeV/c' (6.26) 
T 

for our standard model. 

3. We note, table 6.5a, that m 
T is the same in the high and low E 

cm ranges. 

This shows that our T lepton interpretation of the data is consistent 

over the entire E 
cm range, and it argues against the existence of a second 

charged heavy lepton with a mass greater than the 'c but less than 3 or 

so GeV/c2. 

Coupling: Figure 6.11 compares the experimental r distribution with V+A 

coupling and mv = 0.0. From fig. 6.11 and the comparison of table 6.5a and 
T 

6.5b we note that pure Vi-A coupling is less favored than pure V-A coupling 

[6.22]. 

Mass of the T neutrino: Figure 6.11 shows that as mv increases the goodness 
T 

of fit to the r distributions decreases-. For V-A coupling 
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and m T = 1.9 GeV/c' the 95% confidence level upper limit on mv is 
T 

4 
m v 2 0.60 GeV/c2 

T 

Leptonic branching ratio: Using the o el.l data in fig. 6.5, mT = 1.9 GeV/c', 

m 
V 

= 0.0, V-A coupling, the 
T 

point particle -production cross section (eq. (6.9)), 

and assuming the equality of the T decay rates to e and M 

r (T- -f vTe-Ge) 

r (T- -+ all) 

r (T- + vTv-G ) = lJ = 0.186 -f .030 
r(T- + all) 

(6.27) 

in agreement with the theoretical prediction, table 6.1. Some tests of 

this equality assumption are given in the next section. 
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6.5. Consistency Checks on the T being a Heavy Lepton 

6.5.1. Point-like Energy Dependence. 

$e have shown in section 6.4.3. that the energy dependence of the pro- 

duction is consistent with being point like. 

6.5.2. Total e+e- Annihilation'Cross Section 

R, the ratio between the total e+e- annihlation cross section and the 

1-1 pair production cross section, measures the sum of squares of charges of 

the fundamental fermions in the conventional models. Thus if we have a 

new lepton, we must have room for it in the total cross section. This 

point was discussed in detail in section 2. We not only have room for it, 

but measurements of R seem to require a new fermion. 

A more direct demonstration is contained in the work of the PLUTO 

group [2.5 1 . They show, fig. 6.12, that the directly measured total cross 

section for Z-prong events is large enough to easily contain the 2-prong 

+- events from r r production assuming relative decay rates similar to those 

in table 6.1. 

6.5.3. Anomalous ee and VU events. 

Since we interpret the anomalous eu events to be the result of independent 

decays, one containing an e and one containing a u, we expect half as many 

anomalous ee and u1-l events if the T decay rates to the e and v are equal. 

These events are harder to measure because there are backgrounds from leptonic 

processes which are comparable to the anomalous signal. Using the SLAC-LBL 
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Magnetic Detector CO llaboration data we have subtracted backgrounds from 

+ 
e+ + e- -f K. + g- + y 

+ 
e++e-+i +R-+~+~ 

-i- e++e-+e +e-+g + +R- 

- 

(6.28) 

where R stands for either e or u. The results [6.23] a.re given 

in table 6.6 which is consistent with equal decay rates to e and 1-1. This 

measurement eliminates the possibility that the -c is an electron-related 

paralepton of the type discussed in section 6.1.2. 

6.5.4. SLAC-LBL Collaboration Anomalous, Z-prong, Muon Inclusive Events 

In the reaction 

e+ + e- -f ‘c 
+ 

+T 

i,+ 1 pV3 
1-I I- 

- anything 

or its charge conjugate, the "anything" ought to contain a single charged 

particle 85% of the time according to table 6.1. Therefore we should 

be able to find events of the form 

+ 
e+ + e- -f pm i + x + 30 photons (6.30) 

where x is an e, u, or hadron. Such events have been found by the SLAC-LBL 

Magnetic Detector Collaboration [6.4,6.19] using an extended muon detector 

(called the muon tower) on top of the main detector, fig. 2.4. We will 

refer to muons being identified at three levels (see fig. 2.4). Level 1 

corresponds to particles which penetrate the shower counters, the coil, 

and the flux return. The original data were analyzed exclusively at this 

level. Level 2 or 3 correspond to particles which penetrate level 1 and 

one or two concrete slabs; the total amount of material before levels 2 

and 3 is equivalent to 65 and 92 cm of iron, respectively. The solid angle 

of level 2 is 1.1 sr and the minimum average muon momentum required to reach 

level 2 is 910 MeV/c. 
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We took as the initial sample of events all two-prong events, with 

or without photons, in which one prong is a muon candidate at level two 

qr thrse of the muon tower. A muon candidate is defined as a particle 

which has sufficient momentum and is heading in the right direction to 

fire a muon spark chamber if it were a muon.. To simplify the background 

calculations, events in which both prongs are identified as electrons are 

eliminated. We then required the two prongs to be acoplanar with the in- 

cident beams by at least 20' and for the square of the missing mass recoiling 

against the two observed prongs to be greater than 1.5 (GeV/c')'. Backgrounds 

from hadron penetration anddccayand leptonic backgrounds were then subtracted 

to obtain the number of anomalous two-prong u events. 

A very clear signal exists in the 5.8 2 Ecm ,< 7.8 energy range, fig. 6.13 

and table 6.7. A statistically weaker signal appears at lower energies, table 

6.7. The anomalous, Z-prong, muon cross section in all three energy ranges 

is compatible with that expected from the decays of pairs of r heavy leptons. 

Figure 6.14a shows that the u momentum spectrum is also consistent with that 

expected from the T. 

Finally we note that since the comparison in the bottom two lines in 

table 6.7 is based on table 6.1 and the equality of the T decay rate to 

e and 1-1; the success of this comparison is a consistency check on that equality. 

6.5.5. Other results on Anomalous, 2-prong, Muon Inclusive Events 

Two other experiments have made measurements of inclusive anomalous 

muon production to two-prong events. The Maryland-Princeton-Pavia group re- 

ported 13 events with 4 background at 4.8 GeV, corresponding to a cross section 

of 285 ":;;;; [6.241. Th ese were the first such events reported. As analyzed 

by Snow [6.251, these data are compatible with the heavy lepton hypothesis. 

Preliminary, high statistics measurements of anomalous, Z-prong, muon 

inclusive spectra in the energy range 4.0 i E < 4.8 GeV were reported [6.211 
cm' 
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by the PLUTO group at the 1977 Coral Gables Conference. These spectra were 

also consistent with coming from the production of a pair of heavy leptons 

of mass about 1.95 GeV/c' 4 

6.5.6. Anomalous, 2-prong, Electron Inclusive Events. 

At the 1977.Chicago Meeting of the American Physical Society, R. Felst 

of the DASP Group from DORIS reported [6.26] preliminary data on anomalous, 

Z-prong, electron inclusive events analogous to the muon events in eq. (6.30) 

He reported that the energy dependence of the observed production cross section 

in the energy range 4. 2 Ecm ~ < 5 GeV, and the momentum spectrum of the electron, 

were consistent with that expected from a heavy lepton of mass Q1.9 GeV/c'. 

6.5.7. Anomalous, Z-prong, Muon-Hadron Events 

If we identify the x particle in reaction (6.30) we ought to be able to 

find hadrons as well as e's and 1~'s. In 59 of the two-prong events 

with 5.8 < Ecm < 7.8 GeV in table 6.7, the second prong can be identified 

as a !J, e, or hadron. After correcting for all backgrounds and misidentifications 

there are 6.8 'r 6.3 1-11-1 events, 14.2 + 4.8 ue events, and 19.5 2 6.5 u hadron 

events. These statistics are too poor to check the predicted hadronic decay 

rates in table 6.1; but at least an overall hadronic decay mode has been 

seen. 

6.5.8. Consistency Conclusions 

All published and conference-reported data relevent to the heavy lepton 

are in agreement with the existence of a charged lepton with mass m = 1.90 + T 

. 10 GeV/c'. While it is not required, all this data is also consistent with 

our standard model: V-A coupling and mv = 0.0. 
T 
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6.6. Observation of the Semi-Leptonic Decays of New Hadrons 

6.6.1. Anomalous, Multiprong, Electron Inclusive Events 

The first observations of the semi-leptonic decays of new hadrons, 
- - 

undoubtedly charmed hadrons, were made by the DASP [6.27,6.51 

and PLUTO [6.28,6.21,6.5] groups from DORIS. The DASP group's discovery [6.27] 

of anomalous, multiprong, electroninclusive events is described in this section; 

and the PLUTO group's discovery [6.28] of I$ e correlations is described in 

section 6.6.3. 

The DASP detector, fig. 6.15, was modified for this work by the installation 

of electron-sensitive, threshold Cerenkov counters at the entrance to each of 

the magnetic spectrometer arms. Additional hadron rejection was obtained by 

shower counters at the rear of each arm. In addition most of the remaining 

solid angle was covered by a non-magnetic detector capable of identifying 

electron, , photons and hadrons. The events considered here met the following 

criteria: 

1. a total of at least 4 or more charged particles plus photons in the event; 

2. an electron identified by the Cerenkov counter and shower counter magnetic 

spectrometer system; and 

3. at least one "non-showering" particle, that is hadron or muon, in the event. 

The importance of criteria 1) is that high multiplicity events should come from 

semi-leptonic decays of hadrons; but low multiplicity events should come from 

heavy lepton decays as discussed in section 6.2. These events then have the 

form 
+ 

e+ + e- -f e- + n charged particles + ny photons (6.31) 
C 

where 

n 
C 

+n >,3 
Y 

Some early data on the electron momentum spectrum of such events is 

shown in fig. 6.16; and the energy dependence of the observed cross section 

is shown in fig. 6.17. The momentum spectrum in fig. 6.16 is too soft to 
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be from a heavy lepton. 

The connection of these e-associated, multi-prong events with the pro- - 

ductien of singly charmed mesons is made by studying their threshold behavior. 

See fig. 6.17 and ref. 6.27. They are not observed below the charmed meson 

threshold at E 'L 4.0 GeV; and.their production crosssection-is maximum cm + 
in the 4.0 to 4.1 GeV region where Do and D- production is maximum (section 5). 

Therefore it is very reasonable to associate these observed events with the 

charmed mesons and in particular with the D mesons. In the 4.0 - 4.2 GeV 

region, the DASP group finds [6.5] 

o(e 
+ + 

+ e- + e- + hadrons) = 
multiprong 

2 l a(e+e- -f McMc> 
+ 

. B(M~ + e- + we(Ge) + hadrons) > 1 nb 

(6.32) 

where u(e +- e -f Mcfic) is the inclusive cross section for McMc pairs, MC is a 

charmed meson, and B is its branching ratio to semi-leptonic decay modes. 

Taking a(e+e- -+ McGc> as about 10 nb, we find 

B(M -f e' 
C + ve(ve) + hadrons) ; .05 (6.33) 

which is compatible with the discussion in section 6.2. 

6.6.2. Anomalous, Multiprong, Muon Inclusive Events. 

Feldman et al. [6.4] h ave observed events of the form 

+ 
e+ + e- -f 1-1~ + ~2 charged particles ? 50 photons (6.34) 

in the energy range '5.8 .$ E < 7.8 GeV. cm \ Figures 6.13b and 6.14b give the 

multiplicity distribution and the p momentum spectrum. Neither observation 

is compatible with that expected from a heavy lepton. Therefore it is 

natural to associate these events with the semi-leptonic decays of hadrons. 

The energy, Ecm, is toohig_hto associate these events directly with D charmed 

meson production as was done in the previous section. Undoubtedly some of 

these events are from D decays. Others may be from singly charmed baryon 
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decays, from other charmed hadrons, or from yet unknown massive 

hadrons which only decay weakly. 

6,6.3.e K-e Correlated Events. 

The PLUTO group c6.281 has observed correlations between Ki mesons and 

electrons, thus providing a more immediate way to study the semi-leptonic - 

- 

decays of the charmed mesons. As discussed in section 5, K mesons are 

expected to occur inalmostall D meson decays and in many F meson decays. 

In this work the Ki is detected through its Ki -+ n+rr- decay mode, the Kz 

appearing as an invariant mass peak in the mass spectrum of pairs of 

. oppositely charged hadrons. Below the expected charmed meson threshold there is no 

correlation of the e's with the Ki, but such a correlation is observed at 

E = 4.1 GeV. cm This result is of course just what we expect for the behavior 

of the D meson. Figure 6.18 is an early presentation of this data. 

A similar observation of Kf - e correlations has been made by the DASP 

group [6.27,6.5] . At E 
+ 

= 4.0 to 4.2 GeV they see a K- - e correlation 
+ cm 

but not a n- - e correlation. 

6.6.4 Conclusion on Semi-Leptonic Decays 

The semi-leptonic decays of massive hadrons which only decay weakly 

have been observed in e+ - e- annihilation in the energy range 4. .$ E cm z 

7.8 GeV. Near 4 GeV the decays are compatible with coming from D mesons. 

The thorough experimental study of the semi-leptonic decays of 

charmed hadrons will be a much more complex undertaking than the study of the 

leptonic or hadronic'decays of the T heavy lepton, because the production 
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and decay processes of the former are so complex. Nevertheless substantial 

progress in finding the semi-leptonic decays of the singly charmed mesons - 
- 

has aBeady been made. 
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7. e+e- ANNIHILATIONS AT HIGHER ENERGIES 

7.1. Introduction 

Dow that the first round of experiments at SPEAR and DORIS have been 

concluded and higher energy storage rings are being built, it is appropriate 

to ask what we can expect at higher energies based on what we have learned. 

There are two areas in which data at present energies indicate the possibi- 

lities of spectacular results at higher energies: jet structure and 

possible new quarks and leptons. 

7.2. Jet Structure 

Using a typical transverse momentum of 310 MeV/c, the jet model which 

gives a good description of SPEAR data at 7.4 GeV can be used to generate 

a description of e+e- annihilations at 30 GeV [7.1]. Figure 7.1 shows the 

mean sphericity as predicted by the phase space and jet models. The distri- 

butions are almost completely disjoint. Jet structure will be completely 

obvious and no fancy sphericity analysis will be necessary to establish it. 

This is further illustrated by fig. 7.2 where the cosine of the angle between 

any pair of particles is plotted. 

After the basic properties of jets have been measured, interest will 

quickly shift to studying deviations from two jet behavior. Non-jetlike 

events may signal thresholds for new heavy particles. The possibility of 

multi-jet events has also been discussed [7.2,7.3]. 

7.3. New Quarks and Leptons 

The existence of the T upsets the lepton-quark symmetry that the charmed 

quark was designed to restore [7.4]. This coupled with indications of new 

particles in neutrino interactions [7.5] makes it likely that new quarks 
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and/or leptons may be produced in higher energy e+e- annihilations. If - 

-new warks exist then we should also expect new narrow q-like states to be 

present. Eichten and Gottfried [7.6] point out that for each quark mass 

greater than 3.5 GeV/c2, three narrow 3S, bound qq states should exist 

below the threshold for OZI allowed decays. This will lead to an incredibly 

rich and complex array of photon and hadron transitions. Figures 7.3 and 

7.4, taken from the work of ref. 7.6, illustrate some of the leading photon 

and hadron transitions expected from a series of +-like states, 8, B', and 

I 1 B , corresponding to a quark of mass 5 GeV/c'. 
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TABLE 2.1 

Properties of the previously accepted u,d,s quarks and the recently 
accepted c quark.. I, I,, Q, B, S and C are the isotopic spin, z component 
of the isotopic spin, charge, baryon number, strangeness and charm. 

Name 

Other Name 

I 

Iz 
Q 
B 

S 

C 

U 

P 

l/2 

+1/2 

+2/3 

l/3 

0 

0 

d 

n 

112 

-l/2 

-l/3 

l/3 

0 

0 

S 

x 

0 

0 

-l/3 

l/3 

-1 

0 

C 

P' 

0 

0 

+2/3 

l/3 

0 

1 
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Table 4.1 

Widths of the $ particles. SLAC-LBL values [4.2, 4.4, 4.51. 
-h 

IJ (3095) 

r(MeV) 0.069 
-f 0.015 

r,,(KeV) 4.8 I! 0.6 

r 
B ee 0.069 =- 

ee r + 0.009 

JI (3684 > "4.1 region" $(4414) 

0.228. + 0.056 %2-00 33 z-10 

2.1 + 0.3 QJ2 0.44 + 0.14 

0.0093 + 0.0016 -10 -5 (1.3 -f 0.3) x 10 -5 
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G-&era1 modes include resonant contributions, e.g. K+K-n+lr- includes 
a contribution from @r-k. The branching fraction always refers to the 
mode plus its charge conjugate state and unless qualified to the sum of 
all possible charge states, e.g. pr = C(p+r- 
are at the 90% confidence level.' 

+ oo?Fo + P-+). Upper limits 

MODE 

+ - 
e e 

P+ u- 

FRACTION (%) 

7.3 f 0.5 

7.5 + 0.5 

REF. FOOTNOTES 

a 
4.4,4.6-4.13 

Table 4.2 

Decay modes of $(3095) 

+ IT Tr- 0.011 + 0.006 4.14,4.15 

+ 0 7r Tr-7i 1.6 + 0.6 4.16 

2r+ 2?r- 0.4 2 0.1 4.16 

2a+ 2lT- To 4.3 f 0.5 4.16,4.17 

3lT+ 3lT- 0.4 + 0.2 4.16 

3Tr+ 3a- IT0 2.9 f 0.7 4.16 

4Tr+ 4n- ITo 0.9 t 0.3 4.16 

Br 

pnTra 

p A2 

w 2lT+ 2ll- 

1.12 f 0.15 

<0.43 

0.82 2 0.10 

0.28 * 0.11 

0.38 * 0.09 

1.8 + 0.45 

0.84 + 0.45 

0.85 + 0.34 

d 

4.14,4.16,4.18 e 

4.14 f 

4.15,4.19 g 

4.15,4.19 h 

4.19 

4.16 g 

4.15 g 

4.15 
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Table 4.2 continued 

MODE 

K+ K- 
I 4\ 

/ KS KL 

KS K- IT+ 

K+ K- v+ r- 

K+ K- K+ TT- IT' 

K+ K- 27r+ 27r- 

2K+ 2K- 

7 
-* 

K+ K 

K" i? 
o* 

-** 
K+ K 

K" ii o** 

o* -o* K K 

~ 
0* -o** 

K K 
o** -of* 

K K 

FRACTION (%) REF. 

0.017 ix 0.011 4.14,4.15 

CO. 0089 4.15 

0.26 t 0.07 4.15 

0.72 + 0.23 4.15 

1.2 f 0.3 4.15 

0.31 zk 0.13 4.15 

0.07 I!I 0.03 4.15 

0.34 z!c 0.05 4.14,4.15 k 

0.27 + 0.06 4.15 k 

co.15 4.15 h,k 

co.20 4.15 h,k 

co.05 4.15 h,k 

0.67 f 0.26 4.15 k 

co.29 4.15 h,k 

0.21 t 0.09 

co.037 

co.15 

0.16 f 0.10 

co.016 

0.18 rt 0.80 

0.08 I!Z 0.05 

0.10 rf: 0.06 

co.13 

4.15 

4.15 

4.15 

4.15 

4.15 

4.15 

4.15 

4.15 

4.15 

FOOTNOTES 

i 

h,j 

g 
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Table 4.2 continued 

MODE 

PP 

p-n IT, 

PPn 

p p r+ r- 

p p IT+ Tr- Tr" 

PPW 

T nn 

AC 
- 

” - _- ..- c 

FRACTION (%) REF. FOOTNOTES 

0.21 t 0.02 4.11,4.14,4.20 R 

0.38 I! 0.08 4.21 

0.10 + 0.02 4.21 

0.19 + 0.04 4.20 _ 

0.41 It: 0.08 4.21 

0.11 zk 0.04 4.21 

0.05 I!I 0.01 4.21 

0.16 k 0.07 4.22 

co.04 4.22 1, 

QO.04 4.21 

YY < 0.05 

~ - Y no 0.0073 Yi 0.0047 

Y rl 0.088 F 0.019 

Y 11' 0.24 + 0.06 

y X(2830) cl.7 

y X(2830) -f 3y 0.013 + 0.004 

Y X(2830) + Y P ; <0.004 

YYY co.0078 
(non-resonant) 

4.23 

4.24 

4.23,4.24 

4.23,4.24 * 

4.25 

4.24,4.26 

4.20 

4.24 

R 

f 

m 

a. From a simultaneous fit to measurements on leptonic and total widths. 
The fit value for the total width is 67 Z! 6 KeV. 

b. This decay is isospin violating and thus presumably proceeds via a 
second-order electromagnetic interaction. With this assumption, 

2 2 IFT(q2 - m,/,) 1 = (6.0 I!Z 3.3) x 10 -3 
. 

C. Mainly ?rp. 
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Table 4.2 footnotes continued 

d. 

e. 

f. 

g. 

h. 

. 1. 

k. 

1. 

m. 

n. 

0. 

Proceeds via a second-order electromagnetic interaction. The total 
hakronic decay fraction via this type of interaction is (17 t 3)% 
(Ref. 4.4). 

r(p”no)/(p+Tr-) + r(p+T) = 0.60 iI 0. 13. (Ref. 4.16 and 4. 18) 

Forbidden by isospin. 

Isospin invariance used to calculate modes with more than one neutral. 

Error multiplied by 1.8 due to high x2. 

This decay is SU(3) violating and probably proceeds via a second-order 
electromagnetic interaction. With this assumption, 
(1.1 + 0.7) x 10-2. 

IF,&12 = m2> I2 = 

Implies IF 
K0 

(q2 = rng)12 < 5.7 X 10B3. 

K* 5 K*(892) and K 
** 

s K*(1420). 

Angular distribution of 1 + cos29 assumed. This is in agreement with 
measurements of the++ pi mode. 

Four events observed. 

Forbidden for a spin 1 particle. 

Error multiplied by 1.2 due to high x2. 
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STATE 

x(3415) 

x(3415) 

x (35 10) 

x (3550) 

Table 4.3 

SU(3) tests for the x states. 

7T+ IT- -.- 
K+ K- 

MODES EXPECTED OBSERVED 
RATIO RATIO 

K *o K- r+ + C.C. 
+ 

p”7r Tr- 

K 
*0 K- n+ + c.c 

p" IT+ IT- 

K JCO K- v+ + c.c 

P O IT+ IT- 

1 

4 
3 

4 
3 

4 
-? 

Lo + 0.4’ 

1.4 + 0.7 

1.2 -r 1.2 

1.0 + 0.8 
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- 

Observed 
mode 

+ - e e 

v+ !J- 
+ 71 IT- 

+ - 0 
IT n IT 

2r+ 2Tr- 

Table 4.4 

$ decay modes using the statistical model. All final 
states are assumed to have I=0 except nn states with n 
even, for which I=1 is assumed. 

2Tr+ 27r- ITo 

3Tr+ 3Tr- 

3r+ 3Tr- IT0 

4T+ 4r- IT0 

+ - 
K K + KS KL 

K" K- 7;t + c.c 

K+ K- r+ 7~- 

K+ K- IT+ ,rr- r" 

K+ K- HIT+ 2x- 

General 
mode 

+ - e e 

v+ 1-I- 
2lT 

4n 

5n 

671 

9n 

KK 

iK ii IT 

K K 2~r 

K E HIT 

K li 4.i~ 

r(observed) 
r(genera1) 

1 

1 

1 

1 

2/5 

213 

5128 

5/12 

7129 

1 

213 

l/4 

9/40 

l/9 

Branching fraction 
(general) % 

7.3 f 0.5 

7.5 + 0.5 

0.011 -f 0.006 

1.6 'r 0.6 

1.0 + 0.25 

6.45 !I 0.75 

2.2 + 1.1 

7.0 + 1.7 

3.7 -I‘ 1.2 

0.017 + 0.011 

0.78 + 0.21 

2.9 + 0.9 

5.3 + 1.3 

2.8 'r 1.2 
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Table 4.4 continued 

- - 

2K+ 2K- 

. 
P p' ITo 
p E Tr- 

p n .rr+ 

PPt7 

p p Tr+ TT- 

p p IT+ IT- IT0 

- -- ‘; : - - 

Y To 

YQ 

Y n’ 

2K.2K l/-6 0.42 + 0.18 

$17 1 0.10 + 0.06 

Ni 112 0.42 2 0.04 

N ii 7T 516 0.58 + 0.10 

Yn 

Y rl’ 

112 

l/4 

9140 

1 

l/2 

1 

1 

1 

0.38 + 0.08 

1.64 + 0.32 

0.49 + 0.18 

0.16 + 0.07 

0.08 ? 0.08 

0.007 i: 0.005 

0.088 ? 0.019 

0.24 + 0.06 

TOTAL 53.2 + 3.4 
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- 

MODE 

+ - e e 

u+ u- 

+ - 
Tr IT 

hr+ 2lT- 

+ 27r 2iT- Tr" 

P IT 

K+ K- 

K+ K- ?'r+ IT- 

PP 

AiT 

- -- s c I - 

Table 4.5 

Decay Modes of $'(3684). (See heading 
for Table 4.2) 

FRACTION (X) REF. FOOTNOTES 

0.88 + 0.13 

0.88 + 0.13 

4.5,4.13, a 
4.32 

33.1 + 2.6 

15.9 2 2.8 

4.1 + 0.7 

co.15 

4.25,4.23, 

\ 

'4.34-4.39 
b 

4.36 C 

co.005 

0.08 -t 0.02 

0.35 + 0.15 

4.21 d 

4.40 e,m 

4.41 

co.1 4.18 

co.005 

0.14 2 0.04 

4.21 

4.40 

0.023 -f 0.007 4.21 

CO.04 4.21 

co.02 4.21 h 
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Table 4.5 continued 

Y x(2830) 

Y x(2830) + 3Y 

Y x(3415) 

co.5 4.42 

co.7 _ 4.42 

co.042 4.43 

co.11 4.18 

cl.0 4.25,4.37 

co.034 4.43 

7.3 + 1.7 4.25,4.37 

Y x(3510) 7.1 -I 1.9 4.25 

I  -  Y x(3550) 7.0 -I 2.0 4.25 

Y x(3455) ~2.5 4.25 

Y x(3455) + y y JI 0.6 + 0.4 4.37,4.39 

Y x(3455) +- 3Y co.031 4.43 

i 

k 

k 

1 

a. From a simultaneous fit to measurements on leptonic and total widths 
with T(ee) = I' assumed. 
0.89 + 

Without this assumption I?(pp>/I'(ee) = 
0.16 (Ref. 4.33). 

,212 Ib 34 KeV. 
The total decay width was determined to be 

b. From a simultaneous fit to measurements of $' -f $ + anything, 

+ $ + neutrals, $' + $n$r-, +' + $7~07~0, $' + $n, and 
+ YX + YY$* 

c. $y forbidden by C and Jlr" forbidden by isospin. 

d. Forbidden by isospin. 

e. Proceeds by second-order electromagnetic interaction. The total hadronic 
decay fraction via this type of interaction is (2.9 I! 0.4)% (Ref. 4.5). 
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Table 4.5 footnotes continued 

f. 

h. 

. 1. 

j. 

k. 

1. 

m. 

Forbidden by SU(3) - 

Angular distribution of 1 + cos2e assumed. This is in agreement with 
measurements of the $ + pi decay. 

Two events observed.. 

Forbidden for a spin 1 particle. 

Angular distribution of 1 + cos2S assumed in agreement with spin 0 
assignment and experimental measurements (Ref. 4.44). 

Angular distribution assumed to be isotropic. 

The references listed are the primary measurements, but the value comes 
from the overall fit described in footnote b. 

Non-resonant background has not been subtracted. It is about 50% of the 
signal for 2Tr+27F- and a smaller but undetermined amount for other decay 
modes. 
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Table 4.6 

4. Comparison of direct $ and $' decays. 

MODE rJI (J.@V) I'$, (KeV) 

+ - e e 4.9 + 0.3. 1.9 + 0.3 

PP 0.14 + 0.01 0.05 + 0.02 

K+ K- n+ R- 0.48 + a 0.16 0.30 + 0.09 

aNon-resonant background has not been subtracted. 

Table 4.7 

Summary of JI' decay modes. 

MODE 

lepton pairs 

hadrons via 
second-order e.m. 
interaction 

direct decays 
to ordinary hadrons 

qpJ, 
0.39 2 0.07 

0.36 + 0.11 

0.62 + 0.28 

BRANCHING FRACTION (X) 

1.8 f 0.3 

2.9 + 0.4 

9 +5 

53.3 + 4.4 

22 +6 

TOTAL 89 +9 
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Table 4.8 

Mass Determinations of the x States 

Masses are referenced to m 
dJ' 

= 3684 MeV/c2. See footnote c. 

Mass 
State 

(MeV/c2) 

x(3415) 3415 + 10 

3413 + 11 

3413 + 10 

3413 i: 9 

average 3413 + 5 

X(3455) 3454 2 7 

x(3510) or PC 3500 + 10 

3504 + 7 

3511 + 7 

3512 + 7 

3508 + 4 

3550 + 10 

3543 + 7 

3561 + 7 

average 3552 f 6 

a. A single event. 

average 

x(3550) 

$J' Decay Mode Ref. 

y + hadrons 4.44 

monochromatic y 4.37 

YYVJ 4.37 

monochromatic y 4.25 

YYll, 4.37 

y + hadrons 4.44 

YYJ, 4.37 

monochromatic y 4.25 

YYVJ 4.38 

y + hadrons 4.44 

YY4J 4.37 

monochromatic y 4.25 

b. The existence of this state needs confirmation 

c. DORIS mass assignments have been increased by 4 MeV/c2 

Footnotes 

a 

b 

C 

d 

to correct 
for the difference in $' mass measurements between SPEAR and DORIS. 

d. Error increased by 30% due to high x2. 
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Table 4.9 

- 
Decay Modes of the x(3415) 4 

The branching fraction for $J' -+ 1(X(3415) is-assumed to be 0.073 
(Refs. 4.25 and 4.37) in calculating the x branching fractions. See 
heading for Table 4.2. 

Mode B($' + yx)*BX(%) BX (%> 

YQ 0.2 + 0.2 3. -t 3. 

+ l-r Tr- 0.07 -r 0.02 1.0 -f 0.3 

K+ K- 0.07 + 0.02 1.0 + 0.3 

2lT+ 27r- 0.32 -I 0.06 4.4 + 0.8 

K+ K- IT+ T- 0.27 + 0.07 3.7 'r 1.0 

p p ?T+ n- 0.04 + 0.013 0.5 + 0.2 

3lT+ 3Tr- 0.14 + 0.05 1.9 + 0.7 

p” IT+ ?T- 0.12 'r 0.04 1.7 : 0.6 

K o* K+ T- 0.17 + 0.06 2.3 -I 0.8 

YY < 0.04 < 0.55 

Ref. Footnote 

4.25,4.37 a 
4.39 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.43 

a. The references listed are the primary references, but the 
value comes from the overall fit described in Table 4.5, 
footnote; b. 
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Table 4.10 

Decay Modes of the x(3510) or PC 

The branching fraction for $' + ~~(3510) is assumed to be 0.071 
(Ref. 4.25) in calculating the x branching fractions. See heading 
for Table 4.2. 

Mode B($' -t r&Bv(%) 
h 

Y$ 2.5 -r 0.5 

BX (W> Ref. Footnote 

35. + 7. 4.25,4.37 a 
4.39 

IT+ a- and 
K+ K- 

2a+ 2Tr- 

K+ K- V+ r- 

p p Ir+ 7T- 

3?r+ 3Tr- 

P O Tr+ Tr- 

K o* K+ r- 

YY 

co.015 

0.11 + 0.04 

0.06 + 0.03 

0.01 + 0.008 

0.17 + 0.06 

0.026 + 0.022 

0.031 + 0.022 

co.026 

a. The references listed are the primary references, but the value comes 

co.21 4.44 

1.5 + 0.6 4.44 

0.85 f 0.42 4.44 

0.14 2 0.11 4.44 

2.4 + 0.8 4.44 

0.37 'I 0.31 4.44 

0.44 + 0.31 4.44 

co.37 4.43 C 

from the overall fit described in Table 4.5, footnote b. 

b. Forbidden for a Jp = l+ state. 

C. Forbidden for a spin 1 particle. 
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Table 4.11 

Decay Modes of the x(3550) 

The branching fraction for Jo' + ~~(3550) is assumed to be 0.070 
(Ref. 4.25) in calculating the x branching fractions. See heading 
for Table 4.2 

Mode 

Y$J 

nf TI- and 
K+ K- 

2lT+ 2T- 

K+ K- n+ T- 

p p Tr+ Tr- 

3r+ 3lr- 

P O n+ 7F- 
K 0* K+ - 

YY 

B('$' + yx).BX(%) BX (2) 

1.0 + 0.4 14. + 6. 

0.02 -r 0.01 

0.16 + 0.04 

0.14 f 0.04 

0.02 -t 0.01 

0.08 + 0.05 

0.05 f 0.030 

0.052 f 0.031 

< 0.02 

0.29 + 0.14 

2.3 f 0.6 

2.0 ? 0.6 

0.29 'r 0.14 

1.1 + 0.7 

0.71 + 0.43 

0.74 -t 0.44 

< 0.29 

Ref. Footnote 

4.25,4.37, a 
4.39 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.43 

a. The references listed are the primary references, but the value 
comes from the overall fit described in Table 4.5, footnote b. 
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Table 4.12 

Spin assignments of the x states. The preferred assign- 
ments depend on .assumptions discussed'in the text. 

State/JP 

X(3550) 

x(3510) 

x(3455) 

x(3415) 

0- 0+ 1+ 2+ 

excluded by excluded by excluded by preferred 
+- X+IT~T or angular dis- 

K+K- and by 
tribution in x-wr+l~- or 

+- 
+'+yx+y hadrons K K angular dis- 

tribution in 
j~'+yx+y hadrons 

excluded by excluded by 
angular dis- angular dis- 
tribution in tribution in 
9' -tYX+-YYdJ JJJ '+Yx+YY?k 

preferred 

preferred 

excluded by 

x-wr+~- or 

K+K- 

preferred excluded by 
+- X+-ITT or 

K+K- 
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Table 5.1 

Quark content and internal quantum numbers of the D and F type single 

charmed mesons. Only the particles are shown, 

Type 

Charm 

I 

Strangeness 

Quark Content 

Pseudoscalar Name 

Vet tor Name 

rj 

+l 

l/2 

Cii 

D+ 

D”+ 

0 

CU 

DO 

D*o 

F . 

+1 

0 

+1 

CS 

F+ 

F*+ 
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Table 5.2 

-Quark content and internal quantum numbers of spin l/2, singly charmed 

baryons. The pairs of ordinary quarks are classified into symmetric and anti- 

symmetric states 

Type 

5 

cO 

S 

A 

T 

Is ospin 

1 

0 

1 
2 

Strangeness ‘i Name Quark 

\ Content 
> 

1 ++ I 
1 Cl 1 c ++ 

cuu C 
$ 

! 
0 

+ i 
c1 j =: c (ud) wm 

0 
1 i 

cdd 

I 
4 

1 hc’ 
I 

’ Oanti 



Quark 

U 

d 

S 

C 
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Table 5.3 

Effective quark masses from eq, (5.2). 

Effective Mass (GeV/c2) 

0.39 

0.39 

0.51 

1.55 
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Table 5.4 

Seme predicted branching ratios for singly charmed mesons from ref. [5.7 1. 

~~ means Do, D*, 
f 

or F O P, ve means e or u and the corresponding neutrino 

or antineutrino, 

Decay Mode 

M -+Q+ve+ hadrons 
C 

D-P+ve+K 

F-l+ue+K 

Do- Kn 

D+-+ Kn 

F+ + - nn or i?+-k 

Branching Ratio 

c.l- 025 

.03 - 008 

.02 - .05 

003 - 018 

.02 - .lO 

.02 - .12 



- 123 - 

Table 5.5 

S^ummary of charmed meson data of SLAC-LBL Magnetic Detector 

Collaboration 

E cm WV) When obtained Hadronic Events Integrated -1 
Luminosity (nb ) 

3.9 -406 before May, 1976 29,000 - 1830 

4.028 May-July, 1976 25,000 - 1280 

4,415 May-July, 1976 26,000 - 1630 
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Table 5.6a - 

c, Preliminary values of some properites of the D*-D system obtained 

the recoil mass spectra against the Do and Df at E cm = 4.028 GeV, 

ref.[5.14-5..17] ., 
. 

Parameter Value 

so (MeV/c2> 1865 + 3 

s+(MeV/c2) 1875 + 5 

s*. (MeV/c2> 2006 + 1.5 

M,,*+(MeV/c2) .2010 + 3 

I'(D*O -+ DOy)/r(D*O + all) 0.55 -r 0.15 

Table 5.6b 

Preliminary values of relative cross sections for Do and D *o pro- 

duction at E = cm 4.028 GeV, ref.[5.14-5.151. 

Reaction Relative Cross Section 
(Arbitrary Units) 

e+ + e- -+ Do + D -G 1.0 : 0.6 

e+ + e- -+ Do + D*' and Do + D *0 9.4 + 1.6 

e++e-+D +E *o *0 9.6 + 1.6 
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Table 5.7 

- 
* Preliminary values for cross sections times branching ratios 

(0 . B) for Do and D+ production [5.15,5.221. 

Meson .Decay Mode 

Do, 7 
+- 

K-n+ 

-G+ 
K'v+v- + K ,rr r- 

+- 
K-?T+T+T- 

f- 
Tr Tr 

K+K- 

+ 
D- 

+ 
K-'rr+?T- 

+ -+- Tr 7r IT 
+ 

K+K-i- 
+ -+ 

K"~- + K'.rr- 

0 .’ Bbb) . 
E = 4.028 

cm 

0.57 + 0.11 

1.09 + 0.30 

0.83 f 0.27 

0.04 

0.04 

0.40 + 0.10 

0.02 

0.03 

0.06 

0.18 
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Table 6.1 
- 

Predicted branching ratios for a T- sequential charged heavy 
Fepton with a mass 1.9 GeV/c2, an associated neutrino mass of 0.0, 
and V-A coupling. The predictions are based on Refs. 6.11 and 6.12 as 
discussed in Ref. 6.19. The hadron continuum branching ratio assumes 
a threshold at 1.2 GeV for production of ud quark pairs whose final 
state interaction, leads to-the hadron continuum 

decay mode 

vTeY e 

Vp-; 
?J 

v IT- 
T 

v?K- 

vp- 

v,K*- 

v A- rl 

vr (hadron continuum)- 

branching ratio 

.20 

.20 

.ll 

.Ol 

.22 

.Ol 

.07 

. 18 

number of 
charged particles 

in final state 

1 

1 

1 

1 

1, 3 

1, 3, 5 
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Table 6.2 
- 

90% confidence level upper limits on the fraction of decays 
- in reaction(6.18) which can contain an undetected particle or 

combination of particles. 

undetedted particle(s). 90%. confidence,upper limit 

K0 0.09 
0 Tr or Y 0.18 

Charged particle 0.09 

Charged particle + m" or Y 0.11 

TOTAL 0.39 

Table 6.3 
2 x probabilities for the fits in Fig. 6.8 

Theory 

Heavy Lepton: \ m =1.90 GeV/c2, 
m' 

V 
= 0.0, 

I- 

V-A, 
3-body lepton, 
decay. 

Boson: 
mr=1.90 GeV/c2, 

2-body decay, 
unpolarized. 

Boson: 
mr=1.90 GeV/c', 

2-body decay , 
helicity=O 
state only . 

E cm range 

(GeV) 
x2 probability 

3.8 < Ecm < 4.8 .92 

E k 4.8 .Ol cm 

4.8 < E < 7.8 .46 cm 

3.8 < E < 7.8 .50 
cm 

3.8 < E < 7.8 cm <lo -4 

3.8 < E < 7.8 cm <lo -4 
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- - 

Table 6.4 

Probabilities that the mass m, can yield the observed o 
cross section in Fig. 6.5. PT(m,) is the probability that e' 
all ep events produced at E,, < 2 m 1 

comes from background. 

mr(GeV/c2) PT Cm*> 

1.7 
1.8 

(no cl-c events 
(with E < 3.8 GeV cm 

1.9 0.10 
1.95 0.06 
2.00 0.06 
2.05 0.06 
2.10 0.008 
2.15 0.002 
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Table 6.5a 

Mass measurements of the -c in GeV/c', assuming V-A coupling 
for the r-vr, and mV = 0.0. The three methods are based on: 4 

PA ' the pseudo-traniverse momentum; cos ecoll, the cosine of 
the collinearity angle; and r, the scaled momentum distribution. 
They are explained in the text. The errors are statistical. 

. 

E range cm 
(GeV) 

Method 

p1 
cos 0 co11 r 

3.8 < E < 4.8 1.88 I! .08 1.91 + .25 1.83 k .06 cm 

E = 4.8 2.11 + .13 1.82 f .22 1.83 + .08 cm 

4.8 < E cm < 7.8 1.86 + .08 1.85 + .12 2.27 t .31 

3.8 < Ecm < 7.8 1.91 k .05 1.85 t .lO 1.88 t .06 

Table 6.5b 

Mass measurements of the 'I in GeV/c2 for two models: V-A 
coupling for the T-V and m 

V 
= 0.5 GeV/c2; and V+A coupling for 

the T-v,andmv = 0.:. The ghree methods: p,, cos 8,,11, and r 

are explained In the text. The entire 3.8 -C E,, < 7.8 range is 
used and the errors are statistical. 

Model 
Method 

p.L 
cos 0 co11 

r 

V-A 
m = 0.5 GeV/c2 2.01 +_ .05 1.90 + .09 1.70 t .12 

V 
T 

V+A 
m = 0.0 2.12 * .05 1.95 * .lO upper limit 

V 
T is 1.76 with 

95% confidence. 



- 130 - 

Table 6.6 

Ratios of the observed cross sections oee, o and o 
ev u1-I 

for anomalous pair production. The errors are statistical. 
See Ref. 6.23 .for a discussion of the systematic errors 
and the data sets. 

Data Set 

2 

E cm Range 'ee"ev "ll?A p 
(GeV) 

3.9 - 4.3 .30 + .24 .75 f .26 

4.3 - 4.8 .86 Ir .38 1.46 I!Z .49 

4.8 - 6.8 .45 5 .16 .52 + .14 

6.8 - 7.4 .56 t .26 . .51 It .20 

3.9 - 4.8 .37 AI .33 .63 2 .35 

1 
4.8 .68 + .30 .27 f .20 

1 and 2 all events .52 If: .lO .63 rt: .lO 
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Table 6.7 

Anomalous 2-prong muon production results. A candidate is 
a-particle which has sufficient momentum and the proper direction 
to be detected by the muon spark chambers at level 2 or 3 if it 
were a muon, but events in which both prongs are electrons are ex&luded. 
The backgrounds which are listed and subtracted are from radiative 
u pairs, from eepu events,- and from hadron penetration and decay. 
The expected heavy lepton contribution is for mT = 1.90 GeV/c2, 

mVT = 0.0, V-A coupling, and the relative decay rates in Table 6.1. 
From Refs. 6.4 and 6.19 . 

. E cm range (GeV) 3.9 to 4.3 4.3 to 4.8 5.8 to 7.8 

Average Ecm (GeV) 4.05 4;4 6.9 

Candidates 181 224 902 

Muons 24 29 177 

Radiative ?.I pairs 2.3 2.2 17 

eepp events 1.4 1.8 29 

Hadron penetration 
or decay 5.0 6.4 28 

Anomalous muons 15.3 + 5.1 18.6 -r 5.7 103 2 18 

Anomalous cross section (pb) 194 + 71 253.2 71 212 -t 49 

Expected heavy lepton 
lepton contribution (pb) 252 to 57 290 to 197 218 to 191 
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FIGURE CAPTIONS 

- 

Fig. al. Simplified presentation of ahad versus Ecm. The shaded areas 

indicate large uncertainties in the value of u had' See fig. 2.3 

for a- detailed presentation of the experimental errors and un- 

certainties. 

Fig. 2.2. Feynman diagrams for (a) th e one-photon exchange process for 

hadron production, (b) muon pair production, (c) the quark 

model for hadron production, and (d) the resonance model for 

hadron production. 

Fig. 2.3. R = shad/u + . The references for this data are given in I, 

II, and reF.'[1.4]. The Ecm > 2 GeV data is from the SLAC-LBL 

Magnetic Detector Collaboration. See ref. [21 for very recent 

data from the PLUTO group in the 4 < Ecm < 5 GeV region. 

Fig. 2.4. The SLAC-LBL Magnetic Detector, ref. [I?. 

Fig. 2.5. R in the Ecm = 3.8 to 4.6 GeV region from the SLAC-LBL Magnetic 

Detector Collaboration, ref. [2.4!. 

Fig. 2.6. R in the Ecm = 3.5 to 5.0 GeV region from the PLUTO Group, ref. t2.51. 

The dotted line is used to guide the eye. The full line is the cross 

section for a pointlike heavy lepton of mass 1.95 GeV, (section 6). 

Fig. 2.7. The PLUTO Group's detector, ref.[2.5). 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Figure Captions for Section 3 

zadron production in e+e- annihilations in quark-parton models. 

Observed mean sphericity vs Ecm for data, jet model (solid curve), 

and phase-space model (dashed curve). 

Observed pI with respect to jet axis for 7.4 GeV data. The predicted 

distributions for the jet model (solid curve) and the phase-space 

model (dashed curve) are also shown. 

Observed sphericity distributions for data, jet model (solid curves) 

and phase-space model (dashed curves) for (a) Ecm = 3.0 GeV, (b) Ecm = 

6.2 GeV, and (c) E = 7.4 GeV. cm 

Observed x distributions at Ecm = 7.4 GeV for data, jet model (solid 

curve), and phase-space model (dashed curve). 

Observed sphericity distributions at Ecm = 7.4 GeV for data, jet 

model (solid curves), and phase-space model (dashed curves) for 

(a) events with largest x zz 0.4 and (b) events with largest x> 0.4. 

Observed jet mass distributions at Ecm = 7.4 GeV for (a) all jets, 

(b) 2-prong, charge = 0 jets, and (c) 3-prong, charge = f 1 jets. 

Pion masses were used for all particles. The arrows indicate the 

masses of particles or resonances having the indicated decay modes. 

Observed distributions of jet axis azimuthal angles from the plane 

of the storage ring for jet axes with Ices 61 zz 0.6 for (a) Ecm = 

6.2 GeV and (b) Ecm = 7.4 GeV. 

Observed inclusive my vs x for particles with lcos 01 5 0.6 in 

hadronic events at Ecm = 7.4 GeV. The prediction of the jet model 

Monte Carlo simulation for a jet axis angular distribution with 

o = 0.97 f 0.14 is represented by the shaded band. 
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10. s do/dx vs x for E cm = 3.0, 4.8, 6.2, and 7.4 GeV. 

11. %do/dx;( vs xii for Ecm = 3.0, 4.8, 6.2, and 7.4 GeV. 
xil 

= 2pl//Ecm 

where pll 
is the component of particle momentum parallel to the jet 

axis. 

12. (l/o) do/dpl vs pI for events with xmax > 0.5 for Ecm = 3.0, 4.8, 

6.2, and 7.4 GeV. x The distributions are 
max 

is not plotted. 

normalized to the cross sections for events with xmax > 0.5. pI 

is the component of particle momentum perpendicular to the jet axis. 

13. (l/o) do/dy vs y for events with xmax> 0.5 for Ecm = 3.0, 4.8, and 

7.4 GeV. x max is not plotted. The distributions are normalized to 

the cross sections for events with xmax > 0.5. y is the rapidity of 

the particle with respect to the jet axis. Pion masses were assumed. 
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FIGURE CAPTIONS 

Fig. 4?1. R, the ratio of the cross section for the production of hadrons 

to the cross section fortheproduction of 1-1 pairs, as a function 

of center-of-mass energy in the vicinity of ,the $(4414). The 

curve is the fit to the $(4414) line shape. The data are from 

ref. [4.2]. 

Fig. 4.2. 

Fig. 4.3. 

Fig. 4.4. 

Fig. 4.5. 

Fig. 4.6. 

Fig. 4.7. 

Fig. 4.8. 

Fig. 4.9. 

Quark diagramsillustratingthe OZI rule in Cp decays. 

Cross sections for (a) hadron production, (b) p pair production, 

and, (c) e pair production and scattering in the vicinity of 

the JI. Data are from ref. t4.41. 

Cross sections for (a) hadron production, (b) LI pair production, 

and (c) e pair production and scattering in the vicinity of 

the $'. Data are from ref. c4.51. 

Diagrams for (a) efe- + $ + anything, and (b) e+e- 
+- 

+JI-+ee. 

The ratio of 1-1 pair yield to e pair yield in the vicinity of 

(a) the + and (b) the J1' for lcos 01 5 0.6. Data are from 

ref. [4.4] and [4.5]. 

Diagrams for (a) d irect JI decays to hadrons, (b) 9 decays to 

hadrons via an intermediate photon, and (c) $ decay to v pairs. 

a(defined in eq. 4.5) versus number of pions in $ decays. Data 

are from ref. [4.16]. 

Quark diagramsillustrating 
+- 

(a> !-J -+ we 71 , (b)J, +- -f 0 IT , 

(c) IjJ -+ (ls* -f @T+T-. 

Fig. 4.10. Invariant mass of V+IT- in (a) $J + $~+a-, and (b) $ -t w.rr+.rr-. 

Data are from ref. [4.15]. 

Fig. 4.11. Quark diagrams illustrating three mechanisms for JJJ -+ yn", $ + yn, 

and J1 + yn' decays. 
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Fig. 4.12. Diagram for calculating $J + yn from $J' + xn using vector meson 

dominance. - 
- 

Fig. 4.13. States and radiative transitions expected from bound fermion-anti- 

fermion system. 

Fig. 4.14. Invariant i mass distributions for $' + yx for (a).2T+28- 

(b) ~+IT-K+K- (c) 3af3a-, and (d) the sum of IT+*- and K'K-. 

Data are from ref. [4.44]. 

Fig. 4.15. Computer reconstruction of a $' -f yx -+ yy$ -f yyuu -f ye+e-p+l-l- 

cascade in the SLAC-LBL MagneticDetector at SPEAR. The short boxes 

represent trigger counters and the long boxes represent shower 

counters. The uncoverted y is detected by the isolated shower counter 

on the left. 

Fig. 4.16. Scatter plot of the two solutions for themass of x states in 9' + 

yx -f yy7J~ events. Data are from ref. [4.37]. . 

Fig. 4.17. Inclusive photon energy distributions for (a) $ decays and (b) Q' 

decays (ref. c4.371) b o served with converted photons in the SLAC-LBL 

Magnetic Detector at SPEAR. 

Fig. 4.18. Inclusive photon energy distributions for (a) + decays and (b) $J' 

decays measured by the MPPSDSS experiment at SPEAR (ref. c4.251). 

Part (c) shows the Jo distributions with backgrounds subtracted. The 

dotted curves represent Monte Carlo calculations and fits. 

Fig. 4.19. Definition of angles for the cascade decay $' +yx + yyx + yyp+p-. 

Fig. 4.20. Distribution of cos 0 for +' + yx, x + 2~+2~- or K+K-mr+~-. Data are 

from ref. [4.401. 

Fig. 4.21. The highest yy mass combination for each event in JI + 3~. The dashed 

curve is the expected contribution from radiative two photon production 

and reflections from yn and yn' decays. Data are from ref. [4.24]. 
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Fig. 4.22. Invariant mass of pp in I/J -+ PPIT' and ppy decays. Data are from 

- ref. [4:20]. 
-c, 

Fig. 4.23. Summary of observed charmonium states and transitions. Uncertain 

states and transitions are indicated by dashed lines. Numbers 

indicate branching fractions in per cent. The symbbl "y*" stands 

for second-order electromagnetic decays including decays to lepton 

pairs. 
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FIGURE CAPTIONS 

Fig. 5?1. The SU4 multiplet for the pseudoscalar mesons. 

Fig. 5.2. Decays of the c quark: (a) non-leptonic, and (b) leptonic. 

The associated term gives the effect of the Cabibo angle on the 

amplitude. 

Fig. 5.3 Quark diagrams for decays of the Do meson. 

Fig. 5.4. The Km and KNIT invariant mass spectra data in which the Do was 

first found. Note thatthemass enhancement at 1865 MeV/c2 occurs 

only in the expected K and TT combinations. ref. [5.9]. 

Fig. 5.5. Recoil-mass spectra for combinations in the Kr and K3n peaks. 
+ 

Fig. 5.6. The KNIT invariant mass spectra data in which the D- 

ref.[5.101. 

Fig. 5.7. Dn-D mass difference spectra for (a) DOT' and 2~~ 
- T+T 

was first found, 

-++ 
(i.e. K+n-n-) 

combinations, ,and (b) O-i- D m and DOT- (i.e. Kfm-mt combinations). 

Fig. 5.8. Level structure and possible decays of the D*-D system. 
++ 

Fig. 5.9. The recoil mass spectra at Ecm = 4.028 GeV against (a) K-r-, 

(b) (KIT)', and (c) K'm'r' from ref. L5.141. 

Fig. 5.10. Prediction for the shape of the recoil mass spectra against the Do 

atE = cm 4.05 GeV, from ref [5.12]. The contributions are: 1 from 

eq. (5.13a); 2 from eq. (5.13b); 3 from eqs. (5.13~) and (5.13d); 

4 from eq. (5.13g); 5 from eqs. (5.13e) and (5.13f); and 6 from 

eq. (5.13h). 
+ 

Fig. 5.11. Tine inclusive cross section for e+e- -+ K-X from ref. [5.18]. 
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Fig. 5.12. (a) Comparison of y and Rnew from ref. i5.181. See the text for 

an explanation of Ri" and Rnew. The Rnew - -h data is from ref. [2.5]. 

(b) The same data as (a) with heavy lepton contribution subtracted 

from Rnew. 

Fig. 5.13. The total inclusive Kz cross section for p(Kz) > 0.2 GeV/c as function 

of & (GeV), from ref. L5.191. 

Fig. 5.14. Rk = 20~ /u as a function of Ecm from ref.[5.20]. 
S 

UlJ 
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FIGURE CAPTIONS 

Fig.T.1. Analogy between (a) the decay of a 'c charged heavy lepton to 

hadrons,and (b) the production of hadrons in e+e- annihilation. 

Fig. 6.2. (a) Relative decay rates for a sequential heavy lep'ton with V-A 

coupling, zero neutrino mass, and mass m, based on the input 

in table 6.1 and R = 10'3 for Ecm > 2.0 GeV, and (b) the corres- 

ponding lifetime. 

Fig. 6.3. Feynman diagram for e+ + e- -f 'c + + T- via one-photon exchange. 
. 

I Fig. 6.4. Quark diagram for (a) th e I semi-lepton decay of the charm quark, 

and (b) thehadronic decay of the charm quark. 

Fig. 6.5. uev, the observed production cross section for signature eu events. 

The vertical bars are statistical errors. The horizontal bars 

indicate the E cm range covered by each point; There were no events 

before background subtraction in the 3.0 < Ecm < 3.6 GeV range. The 

solid curves are best fits to u cl-l for point production of a V-A 

heavy lepton pair, eq. (6.9), for my = 0.0 and mv = 1.8 or 2.0 GeV/c2 
T 

as indicated. The dashed line is for a mass 1.8 GeV/c2 heavy lepton 

pair production with a constant/s form factor. The curves are 

corrected for the angle and momentum cuts, and for E cm dependent 

efficiencies. 

Fig. 6.6. The missing mass squared, 2, distribution for 4.8 < E < 7.8 GeV. cm 

Fig. 6.7. Then invariant mass squared, mi, distribution for 4.8 < E < 7.8 GeV. cm 

Fig. 6.8. The scaled momentum distribution, r = (p - 0.65)/(p max - 0.65) 

where p is the momentum of the e orufor (a) all events and (b) three 

E cm ranges. The solid curve is the theoretical prediction for the 

3-body leptonic decay (eq. (6.5)) of an m = 1.90 GeV/c2, my = 0.0, 
T T 



- 141 - 

V-A, heavy lepton. The dashed and dot-dashed curves are for an mr = - 
4\ 

1.90 GeV/c2 boson with 2-body leptonic decay modes (eq. (6.14)); the 

former for an unpolarized boson and the latter for a spin 1 boson 

produced only in the-helciity = 0 state. The curves are corrected for 

the angle and momentum cuts. The data is corrected for background. 

The bump at r = 0.9 in the rnT = 1.9 GeV/c2, 2-body decay model is 

caused by our having a few events at E = 3.8 GeV. cm 

Fig. 6.9. The cos ecoll distribution for 3 energy ranges. The background is 

subtracted. A value of zero indicates no events in that bin. The 

theoretical curves are for an m = 1.90 GeV/c', m T V 
= 0.0, V-A, 

heavy lepton; they are corrected for angle and mom&turn cuts. 

Fig. 6.10. The pseudo-transverse momentum, pI , distribution for 4.8 < Ecm ,< 

7.8 GeV en events. p is defined by finding the axis AA' in the J. 

,,e, .pn plane such that the perpendicular components of ge and zU P 

with respect to that axis are equal and minimum. 

Fig. 6.11. Comparison of the r distribution for all ep events with various 

models for the T heavy lepton. The solid curves are for V-A 

coupling, mT = 1.90 GeV/c' and mv = 0.0, 0.5, and 1.0 GeV/c2 
T 

as indicated. The dashed curve is for V+A coupling, mT = 1.90 

GeV/c2 and m = 0.0. The curves have been corrected for the angle 
vT 

and momentum cuts. The background is subtracted. 

Fig. 6.12. A comparison of the measured total cross section for two-prong 

events with that expected for the two prong events from a mass 

1.95 GeV/c sequential heavy lepton. From ref. [2.5]. 

Fig. 6.13. (a) Anomalous muon production cross section, and (b) ratio of 

anomalous muons to candidates versus the number of observed 

charged prongs in the Ecm range 5.8 to 7.8 GeV. Note that the 
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two-prong cross section is not corrected for a coplanarity cut 

and is thus artificially suppressed relative to multiprong cross - 
4. 

sections. In calculating the two-prong 1-1 fraction, the number of 

candidates has been corrected to eliminate leptonic reactions. 

From ref. 16.4). 

Fig. 6.14. Differential cross section for anomalous muon production versus 

momentum for (a) two-prong events, and (b) multiprong events in 

the E cm range 5.8 to 7.8 GeV. The solid curve represents the 

expected cross section from the decays of heavy leptons with 

parameters as specified in the text. From ref. L6.41. 

Fig. 6.15. The DASP detector, ref. l6.27'. 

Fig. 6.16. Early data on the electron momentum spectrum for large multiplicity 

events obeying eq. (6.31) from the DASP Group [6.27]. More recent 

data from that group i6.26 shows that the data reaches a peak above 

0.2 GeV/c. The theoretical curves from ref. i6.291 are for a particle 

(D or heavy lepton) with B = 0.3. 

Fig. 6.17. The observed cross sections for large multiplicity events obeying 

eq. (6.31) versus E cm ~6.271. 

Fig. 6.18. The observed cross section for events containing a Ki and an e from 

the PLUTO Group [6.28]. 
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- 
- FIGURE CAPTIONS 

Fig. 7.1. Predic.ted sphericity distributions at 30 GeV by the phase space 

and jet model Monte Carlo calculations. . 

Fig. 7.2. Predicted distribution of the cosine of the angle between any 

two particles at 30 GeV by the phase space andjetmodel Monte Carlo 

calculations. 

Fig. 7.3. The spectrum of electron dipole photon transitions expected from 

a series of $-like states S, S', and 8" for a quark mass of 5 GeV/c". 

For the sake of clarity mulitplet splittings are exaggerated and spin 

singlets are not shown. 

Fig. 7.4. The spectrum of important hadronic transitions expected from a series 

of +-like states B, B', and 8" for a quark mass of 5 GeV/c 2 
. Two 

pion and n transitions are indicated by solid and dash-dotted lines. 

Other transitions are indicated explicitly. For the sake of clarity 

spin transitions between P states of different spin are not indicated. 

The electric dipole transition llPl 
1 1 

-+lS o is shown here since 1 Pl 

can be reached most easily via 33Sl 
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